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CO2 and high temperature, but recent studies have challenged this long-held hypothesis by suggesting 
water availability was a prime selective factor. Our work aimed to determine the importance and order 
that the environmental factors of CO2, temperature, water availability and light selected for C4 evolution 
and the evolutionary dynamics of hydraulics and photosynthesis traits along and after C4 evolution 
through time. First, we coupled hydraulics to photosynthesis models while optimizing photosynthesis 
over stomatal resistance and leaf/fine-root allocation to analyze the four selective pressures and their 
interactions through the historical origin and expansion of C4 plants. We found that water limitation was 
the primary driver for a C4 advantage with CO2 as high as 600 ppm in the Oligocene and low CO2 
together with high light drove the mid-to-late Miocene global expansion of C4. Also, we predicted the 
geographical hotspots of C4 origins, consistent with fossil records, but the evolutionary center in 
northwest Africa and a Miocene-long origin in Australia are novel. Then, we analyzed the evolutionary 
divergence and reorganization of the hydraulic and photosynthesis system before and after C4 using 
mathematical models and phylogenetic comparative experiments for grasses. For hydraulic traits, C4 
pathway led to higher hydraulic conductance (Kleaf), leaf capacitance (CFT) and leaf turgor loss point. 
The evolutionary trends of hydraulic traits diverged between C3 and C4: Kleaf and CFT decreased in C4 
grasses, but not in C3; the evolution of C4 diminished the positive correlation between maximal 
assimilation rate and Kleaf. For photosynthesis traits, C4 have significantly higher resource allocation to 
light reaction than C3 and the empirical measurements are consistent with the optimal modeling. C4 have 
a significantly higher chlorophyll a/b and a significantly lower ratio of fluorescence-based electron 
transport, which indicated a lower proportion of linear electron transport. In addition, to analyze the 
divergence and evolution of the photosynthesis systems in C4, we extend the framework of widely-used 
estimation methods for C3 plants to build estimation tools of photosynthesis parameters for C4. 
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ABSTRACT 
 
SELECTIVE PRESSURES AND EVOLUTIONARY DYNAMICS IN HYDRAULIC AND 
PHOTOSYNTHETIC SYSTEMS OF THE C3 AND C4 PHOTOSYNTHESIS PATHWAYS IN GRASSES  
Haoran Zhou 
Brent Helliker 
Erol Akçay 
It has generally been thought that the C4 photosynthetic pathway evolved from C3 
ancestors due to low CO2 and high temperature, but recent studies have challenged this long-held 
hypothesis by suggesting water availability was a prime selective factor. Our work aimed to 
determine the importance and order that the environmental factors of CO2, temperature, water 
availability and light selected for C4 evolution and the evolutionary dynamics of hydraulics and 
photosynthesis traits along and after C4 evolution through time. First, we coupled hydraulics to 
photosynthesis models while optimizing photosynthesis over stomatal resistance and leaf/fine-
root allocation to analyze the four selective pressures and their interactions through the historical 
origin and expansion of C4 plants. We found that water limitation was the primary driver for a C4 
advantage with CO2 as high as 600 ppm in the Oligocene and low CO2 together with high light 
drove the mid-to-late Miocene global expansion of C4. Also, we predicted the geographical 
hotspots of C4 origins, consistent with fossil records, but the evolutionary center in northwest 
Africa and a Miocene-long origin in Australia are novel. Then, we analyzed the evolutionary 
divergence and reorganization of the hydraulic and photosynthesis system before and after C4 
using mathematical models and phylogenetic comparative experiments for grasses. For hydraulic 
traits, C4 pathway led to higher hydraulic conductance (Kleaf), leaf capacitance (CFT) and leaf 
turgor loss point. The evolutionary trends of hydraulic traits diverged between C3 and C4: Kleaf 
and CFT decreased in C4 grasses, but not in C3; the evolution of C4 diminished the positive 
correlation between maximal assimilation rate and Kleaf. For photosynthesis traits, C4 have 
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significantly higher resource allocation to light reaction than C3 and the empirical measurements 
are consistent with the optimal modeling. C4 have a significantly higher chlorophyll a/b and a 
significantly lower ratio of fluorescence-based electron transport, which indicated a lower 
proportion of linear electron transport. In addition, to analyze the divergence and evolution of the 
photosynthesis systems in C4, we extend the framework of widely-used estimation methods for C3 
plants to build estimation tools of photosynthesis parameters for C4. 
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General Introduction  
C4 photosynthesis pathway evolved multiple times independently as a response to the 
inefficiency of C3 photosynthesis (Ehleringer and Monson 1993; Ehleringer et al. 1997). The C3 
pathway has inherent inefficiencies in photosynthetic assimilation of CO2, because the enzyme 
responsible for assimilating CO2, Rubisco, also assimilates O2. The C4 pathway has a biochemical 
and anatomical carbon concentrating mechanism (CCM) that eliminates O2 assimilation by 
Rubisco, thus, resulted in higher productivity than C3 species. The CCM has an additional 
metabolic cost, however, so C4 species do not replace C3 species in every environmental 
condition. C4 species evolved more than 60 times independently in the terrestrial plants (Sage et 
al., 2011) and 22-24 times in grasses (Grass Phylogeny Working Group II, 2012). The diversity 
of plant families with C4 is greatest in the eudicots (1500 species) and the Poaceae, the monocot 
family containing the grasses (4500 species) (Sage and Monson, 1999; Vicentini et al., 2008). 
Although C4 only represents 3% of terrestrial species, they account for nearly 25% of terrestrial 
plant productivity and include them, there are important agricultural species (e.g., corn, 
sugarcane) (Still et al., 2003). 
The evolution of C4 photosynthesis happened under a background of global climate change. 
Climate changes that occurred ~30 MYA led to a drier earth; the consequent increase in wildfires 
and seasonal droughts forced the forests then covering the earth to give way to entirely new 
biomes: the grasslands (Strömberg, 2011) which currently cover about 40% of the earth’s 
terrestrial surface. Along with the grassland expansion came the evolution of C4 photosynthesis, 
initially 20-30 MYA, with a larger, global expansion 4-8 MYA (Edwards, 2010). These 
evolutionary events highlight two interesting questions: what were the selective pressures 
(environmental factors) that resulted in these changes, and what physiological traits changed 
during the evolution of the C3 to C4 photosynthetic pathway?  
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Recent studies comparing the distributions of closely related C3 and C4 grasses challenged 
the conclusions of previous physiological models, which explained the historical origin and 
current distribution of C3 and C4 grasses through temperature and CO2 concentration, but 
highlighted the importance of water availability. The previous physiological models demonstrated 
that under warmer and low CO2 conditions, the CCM inhibits the O2 assimilation of Rubisco and 
hence results in greater carbon gain in C4 species, but in cooler and high CO2 conditions, the 
metabolic costs of the CCM leads to greater carbon gain of C3 species (Ehleringer et al., 1997). 
Estimates of CO2 concentrations during the initial period of C4 evolution in the grasses, from 20 
to 30 MYA, range between 300-600 ppm (Edwards, 2010; Cerling et al., 1997). At the low end, 
there would be clear selection for the evolution of C4 via the carbon-starvation hypothesis, but not 
at the high end (Sage et al., 2012). Recent phylogenetic studies illustrated the evidence that water 
availability may have been the primary selective agent in the evolution of C4 (Edwards and 
Smith, 2010; Griffiths et al., 2012; Osborne and Sack, 2012), and a major contributor to current 
distribution of C3 and C4 species within a clade (Pau et al., 2013). Theoretically, the CCM allows 
for stomata (leaf pores for exchange of water and CO2) to remain less open during CO2 
assimilation, leading to greater carbon gain per water loss— or higher WUE— for C4 grasses. 
The contrasts between the physiological models and phylogenetic analysis highlight the fact that 
several environmental drivers could interact to select for C4 evolution and expansion, yet few 
studies have explicitly examined the four potential selective pressures and their interactions 
simultaneously. 
The evolution of C4 photosynthesis, however, took place over a long period and required the 
development of distinct biochemistry and morphology toward C4 and, then, a great deal of further 
diversification after the evolution of C4 (Sage et al., 2012; Christin et al., 2013). So while 
comparing physiological differences between closely related C3 and C4 species, it must be 
recognized that those species may contain vastly different traits resulted from the further selection 
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and diversification after the establishment of the C4 pathway, as well as the evolutionary 
precursors. All the traits together determined the high productivity and high WUE in C4 species. 
Previous studies focused mainly on understanding the evolutionary traits led to the evolution 
from C3 to C4 pathway (Sage, 2001, 2004; Christin & Osborne, 2014), yet the discussion about 
further divergence of traits after C4 evolved are relatively paid less attention. Rubisco activity in 
C3 versus C4 species is one example. Since CCM creates a very high CO2 concentration, the 
selective pressure for Rubisco with a higher affinity to CO2 is higher in C3 than that in C4 
(Tcherkez et al., 2006). Thus, it could lead to divergence of Rubisco in C3 and C4 species. Results 
of several empirical studies provided evidence to support this speculation (Kubien et al., 2008; 
Studer et al., 2014). Other examples of subsequent evolution traits could be the hydraulic system 
(the water transferring pathway from root to leaf in a plant) and nitrogen reallocation between 
dark and light reaction (two sub-reactions of photosynthesis). These analyses fall into the ultimate 
goal of evolutionary biology to explain the evolutionary history and current distribution, and to 
predict the further evolutionary steps (Heckmann et al., 2013). Those analyses could, thus, give 
insights to the further adaptation and evolution of C3 and C4 species under future climate change 
(increases of CO2 and temperature), as well as depict the historical and evolutionary trajectory of 
C3 and C4.  
The engineering of C4–type photosynthesis into C3 photosynthetic species (such as rice) is 
currently a large publicly and privately funded research goal in an effort to increase C3 crop 
productivity and water use efficiency (WUE). The ERS International Food Security Assessments 
have estimated that between 500 and 700 million people in 76 countries are food insecure (Rosen 
et al., 2015). Water security is usually coupled with food security, since agriculture is the primary 
consumer of ground and surface water resources (approximate 80%). By improving crop 
productivity and water use of agricultural grass species, we can help to address these problems 
simultaneously. In addition, C4 grass species, such as corn and switchgrass are proposed as 
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potential biofuel candidates to release our dependence on fossil fuels. Analysis of the selective 
pressures and trait changes of C3 and C4 grasses will advance our basic understanding of 
grassland evolution, while also advancing C3-to-C4 engineering studies (Driever and Kromdijk, 
2013). The current focus is on engineering the CCM into C3 grasses, because it is considered the 
major factor causing high productivity and high WUE. Yet the performance of C4 grasses is a 
product of the entire evolutionary trajectory. It is likely that traits other than the CCM could play 
important roles in increasing the productivity and WUE of C4, which means that solely 
incorporating the CCM may be not as efficient as expected. 
I used both mathematical modeling, empirical experiments, and phylogenetic analysis for 
closely related C3 and C4 grass phylogeny (Grass Phylogeny Working Group II, 2012) to analyze 
the selective pressures and the evolutionary reorganization and further dynamics of hydraulic 
traits and photosynthetic properties along and after the evolution of C4 photosynthesis pathway as 
shown below. 
Traditional physiology-based models for C4 evolution focused on temperature and CO2 
concentration as selective pressures, but did not take water limitation and light intensity into 
consideration. Thus, in Chapter 1, we built physiological models, coupling hydraulics to 
photosynthesis models while optimizing photosynthesis over stomatal water loss and leaf/fine-
root allocation. We used such a model to analyze the four selective pressures favoring C4 
dominance through the course of C4 evolution simultaneously. We also predicted the timing and 
spatial distribution/hotspots for origins of C4 ecological dominance globally through combing our 
physiological models with grid-based paleo-climate modeling results for the last 30 million years. 
As water limitation played a crucial role in C4 grass evolution, it has sparked interest in grass 
hydraulics and the anatomical shifts in C3 grasses that were prerequisites to C4 evolution. 
Specifically, increased bundle sheath size and decreased vein distance were proposed to be the 
anatomical precursors for the evolution of C4 from C3. Such anatomical changes in C4 species 
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compared with their closely related C3 species were proposed to lead to a higher hydraulic 
conductance (Kleaf) and a higher leaf capacitance (CFT). However, the models built in Chapter 1 
predicts that the C4 decreases water demand by allowing lower stomatal conductance and a higher 
leaf water potential than C3 grasses. Thus, a higher Kleaf or CFT resulting from increased vein 
density may no longer provide a selective advantage due to maintenance costs or shifts into novel 
ecological niches. In Chapter 2, we proposed the physiological significance of anatomical 
precursors and used the physiological models to predict a further reorganization of the hydraulic 
system happened after the formation of C4. Furthermore, we did empirical measurements for the 
hydraulic properties and used phylogenetic evolutionary models to test the propositions and 
predictions related to the evolution and divergence of hydraulic system between C3 and C4 
grasses. 
Our modeling results predicted that resource (e.g., nitrogen) reallocation from the dark to the 
light reactions could significantly increase the assimilation rate of C4 species. In Chapter 3, we 
empirically measured the resource allocation ratio between dark and light reactions and also 
modeled the optimal resource allocation ratio to maximize the assimilation rates using models 
built in Chapter 1 under variations in temperature, CO2, light and water availability for C3 and C4. 
We also considered a further coordination of photosynthetic systems in the Calvin-Benson, 
electron transport and the CCM. In addition, we predicted the operation of cyclic electron 
transport could be elevated compared with C3 as a way to balance the stoichiometry of 
ATP:NADPH and to avoid O2 accumulation in bundle sheath. Such a change could result in a 
higher ratio of chlorophyll a (more in cyclic electron transport) to chlorophyll b (more in linear 
electron transport) in C4 than C3. 
To further analyze the divergence and evolution of the photosynthesis systems in C4, we 
need to populate our models with photosynthesis parameters that are specific to the phylogenetic 
clades of our species, yet few parameters have been reported for C4 plants because of a lack of 
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reliable methods. In Chapter 4, we developed a new estimation method. We extend the 
framework of widely-used estimation methods for C3 plants to build estimation tools by 
exclusively fitting intensive curves of photosynthetic assimilation rate as a function of 
intercellular CO2 (A/Ci curves) for C4. We use simulation-analysis, out-of-sample tests, existing in 
vitro measurements and chlorophyll-fluorescence-measurements to validate the new estimation 
methods. We also use this method to test three versions of photosynthesis models with different 
assumptions about carbonic anhydrase processes and ATP distribution.	
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CHAPTER 1: C4 photosynthesis and climate through the lens of optimality  
(Work published in 2018 in PNAS 115: 12057-12062) 
Abstract 
CO2, temperature, water availability and light intensity were all potential selective pressures that 
determined the competitive advantage and expansion of the C4 photosynthetic carbon-
concentrating mechanism over the last ~30 million years. To tease apart how selective pressures 
varied along the ecological trajectory of C4 expansion and dominance, we coupled hydraulics to 
photosynthesis models while optimizing photosynthesis over stomatal resistance and leaf/fine-
root allocation. We further examined the importance of nitrogen reallocation from the dark to the 
light reactions. We show here that the primary selective pressures favoring C4 dominance 
changed through the course of C4 evolution. The higher stomatal resistance and leaf-to-root ratios 
enabled by C4 led to an advantage without any initial difference in hydraulic properties. We 
further predict a reorganization of the hydraulic system leading to higher turgor-loss points and 
possibly lower hydraulic conductance. Selection on nitrogen reallocation varied with CO2 
concentration. Through paleoclimate model simulations, we find that water limitation was the 
primary driver for a C4 advantage with atmospheric CO2 as high as 600 ppm, thus confirming 
molecular-based estimates for C4 evolution in the Oligocene. Under these high CO2 conditions, 
nitrogen reallocation was necessary. Low CO2 and high light, but not nitrogen reallocation, were 
the primary drivers for the mid-to-late-Miocene global expansion of C4. We also predicted the 
timing and spatial distribution for origins of C4 ecological dominance. Many of these origins are 
consistent with prior estimates, but the center of origin in northwest Africa and a Miocene-long 
origin in Australia are novel. 
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Introduction 
The evolution of the C4 photosynthetic pathway enabled the concentration of CO2 around 
Rubisco, the enzyme responsible for the first major step of carbon fixation in the C3 
photosynthetic pathway, thus reducing photorespiration. C3 photosynthesis is present in all plants, 
but within C4 plants the C3 pathway is typically ensconced within specialized bundle sheath cells 
that surround leaf veins. CO2 that diffuses into a leaf is shuttled from adjacent mesophyll cells to 
the bundle sheath via a four-carbon pump, the energetic cost of which is remunerated by ATP 
derived from the light reactions (Hatch, 1987; Sage, 2004). As a whole, the C4 pathway reduces 
photorespiration, a process that can dramatically reduce photosynthesis and begins with the 
assimilation of O2, instead of CO2, by Rubisco. Over the last 30 million years, the reduction in C3 
photosynthesis by photorespiration was large and broad enough to select for the independent 
evolution of the C4 pathway more than 60 times across the terrestrial plants (Grass Phylogeny 
Work Group II, 2012). The diversity of plant families with C4 is greatest in the eudicots (1200 
species) and the Poaceae, the monocot family containing the grasses (4500 species) (Sage, 2004), 
which accounts for nearly 25% of terrestrial plant productivity and several important agricultural 
species (Still et al., 2003).  
 
While increased photorespiration was central to the evolution of the C4 carbon concentrating 
mechanism (CCM), the relative ecological importance of different environmental drivers of the 
photorespiratory increase is not as clear (Edwards and Smith, 2008; Edwards and Smith, 2010). 
Lower CO2 and higher temperature lead to higher rates of photorespiration, which selected for the 
evolution of C3-C4 intermediates and ultimately C4. Past physiological models, therefore, focused 
on temperature and CO2 concentration as selective pressures for C4 evolution and expansion 
(Ehleringer et al., 1997; Collatz et al., 1998). Under warmer temperatures and low CO2, C4 
photosynthesis has greater carbon gain than C3, but under cooler temperatures and high CO2, the 
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metabolic costs of the C4 pathway and lower photorespiration in C3 leads to greater carbon gain in 
C3. Alternatively, water availability has been proposed as the impetus for C4 evolution in eudicots 
(Sage, 2004), and recent phylogenetic analyses have suggested the same in grasses (Edwards and 
Smith, 2008). Water availability should have an impact on C4 evolution that could work 
independently or in concert with changes in CO2 and temperature. First, water deficits indirectly 
increase photorespiration in C3 plants by forcing stomatal closure to reduce leaf water loss, 
consequently, decreasing the flux of CO2 into the leaf and the availability of CO2 for Rubisco 
(Flexas et al., 2004). Second, the C4 carbon concentrating mechanism allows for the maintenance 
of lower stomatal conductance, and therefore lower water loss, for a given assimilation rate, 
leading to a higher water-use-efficiency (WUE) than C3 (Ghannoum O, 2009).  
 
The different environmental drivers of the photorespiratory increase in C4 progenitors— 
atmospheric CO2 concentration, temperature and water availability—changed dramatically over 
the period of C4 diversification and expansion. Although there is uncertainty of CO2 
concentration from different proxies (Edwards et al., 2010), atmospheric CO2 generally decreased 
from the mid-Oligocene (~600 ppm) to the ~400 ppm in the mid-early Miocene (Royer, 2006; 
Super et al., 2018), but with significant variability (± 100 ppm; Greenop et al., 2014; Super et al., 
2018) after which it reduced to values less than ~300 ppm in the Pliocene (Super et al., 2018). 
Physiological models that focused on temperature and CO2 implied that C4 evolved, in both 
grasses and eudicots, at the low end of this CO2 range in the mid-Miocene to the Pliocene 
(Ehleringer et al., 1997; Collatz et al., 1998; Sage, 2004; Way et al., 2014). Isotopic and fossil 
evidence show that C4 grasses became a major component of grassland biomes— in terms of 
biomass, C4 lineage diversity, or herbivore dietary components— in the mid-Miocene, but 
molecular evidence suggests that C4 photosynthesis may have arisen in the grasses as early as the 
mid-Oligocene, more than 30 MYA (Edwards et al., 2010). Similarly, phylogenetic 
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reconstructions provide evidence that some eudicots evolved C4 as early as the monocots, and 
also saw the greatest rate of C4 diversification and expansion in the late Miocene (Vicentini et al., 
2008; Christin et al., 2011). The error associated with these molecular dating techniques is large, 
however, and the uncertainty range for even the oldest C4 lineages overlaps with the mid-
Miocene estimates for C4 evolution and expansion. Along with CO2, precipitation declined over 
the period of C4 diversification and expansion, leading to vast terrestrial areas where low or 
highly seasonal precipitation inputs led to the loss of forests and consequently, the evolution of 
the world’s first grasslands (Strömberg, 2011). The spread of grasslands indicates a habitat 
change with larger surface radiation loads, higher surface temperatures and increased potential for 
plant water loss (Edwards and Smith, 2010; Osborne and Sack, 2012). Therefore, if the early 
evolution of C4 suggested by molecular-dating approaches are correct, then water availability 
played an important role for both C4 grasses and eudicots while CO2 was still relatively high 
(Vicentini et al., 2008; Edwards and Smith, 2010; Osborne and Sack, 2012; Griffiths et al., 2012). 
The potentially interacting roles of water availability, changes in radiation and CO2 along the 
ecological trajectory of C4 photosynthesis have not been fully investigated within comprehensive 
physiological and paleoclimate models. 
 
A related but largely unstudied physiological change during the divergence of C4 photosynthesis 
from C3 is the allocation of nitrogen between the dark reactions and the light reactions. C4 plants 
might allocate a greater proportion of N to light reactions than to dark reactions as compared to 
C3 because of the extra ATP cost of the CCM (Tissue et al., 1995; Ghannoum et al., 2010). We 
propose that the reallocation of N between dark and light reactions provides a further advantage 
for C4 above the CCM alone and that different environmental conditions can select for a shift in 
the degree of reallocation both through evolutionary time and across species in extant plants. 
 
	
	
11	
Our goal is to integrate several ecologically-relevant selective pressures that determined the 
competitive advantage and expansion of the C4 pathway from the mid-Oligocene through to the 
late Miocene. C4 evolved via C3-C4 intermediates which display a number of successive 
biochemical and anatomical traits that reduce photorespiration as compared to C3 plants, but 
further reductions in photorespiration, enhanced water- and nitrogen-use efficiency, and increases 
in ecological niche space did not occur until the evolution of the full C4 CCM (Lundgren et al., 
2015; Sage et al., 2018). We therefore assume that C3 plants, and not C3-C4 intermediates, were 
the major ecological competitors of C4 plants. We examine how changes in selective pressures 
augmented the relative advantage of these two evolutionarily stable states within the framework 
of an optimality model in which the plant makes allocation “decisions” to maximize 
photosynthetic assimilation rate. We advance our understanding of C4 photosynthesis in five 
ways. First, we revisit the temperature-CO2 crossover approach and integrate the effects of water 
limitation, light, optimal allocation decisions, and the interactions between these in a single 
model. Second, we formalize the hypothesis that C4 photosynthesis has a higher WUE than C3, 
using an optimality argument to balance carbon gain and water loss. Specifically, we let both 
stomatal conductance and leaf/fine-root allocation emerge endogenously, rather than assuming a 
priori that C4 grasses have lower stomatal conductance. This allows us to elucidate the previously 
unexplored role of optimal stomatal conductance (but see Way et al., 2014) and resource 
allocation in mediating ecological success due to water limitation and to predict further 
divergence of hydraulic properties. Third, we explicitly include the additional ATP cost of the C4 
pathway with a mechanistic model (Hatch, 1987; von Caemmerer, 2000), which previous 
modeling analysis did not explicitly consider (Ehleringer et al., 1997; Collatz et al., 1998; 
Osborne and Sack, 2012). Fourth, we consider reallocation of nitrogen from the dark reactions to 
the light reactions, which can change tradeoffs between photosynthesis and water use by C4. 
Finally, we drive the optimality model under three CO2 scenarios with outputs from a fully 
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coupled general circulation model for Miocene/Oligocene climate to examine regions and timing 
of C4 ecological advantage as a proxy for potential evolutionary origins. 
Materials and Methods 
Overview of the plant model. We first assume that the CCM is the only difference between C3 
and C4, corresponding to two closely related species whose other traits have not yet diverged. We 
then allow for divergence through shifts in nitrogen allocation between the light and dark 
reactions of C4. Our model incorporates the soil-plant-air water continuum into traditional C3 
(Farquhar et al., 1980) and C4 (von Caemmerer, 2000) photosynthesis models and assumes that 
plants optimize stomatal resistance and leaf/fine-root allocation to balance carbon gain and water 
loss (Givnish, 1986). The rate of water loss through transpiration equals the rate of water 
absorption by the roots, at equilibrium (Givnish, 1986). Stomatal resistance (rs) controls 
transpiration and photosynthesis. The leaf/fine-root (f) ratio, defined as the ratio of biomass for 
leaves to the sum of biomasses for leaves and fine roots, controls the biomass allocated to leaf 
area for transpiration and photosynthesis. The lowering of leaf water potential through 
transpiration water loss and/or environmental factors (VPD and soil water potential) leads to a 
lowering of the photosynthetic rate via Weibull-type vulnerability curves (Vico and Porporato, 
2008). A full model description is in Appendix A1.1 with Table A1.1 for parameter abbreviations 
and Table A1.2 for input parameters. The model derivation and methods for numerical solutions 
using Mathematica (Wolfram Research, Inc.)/R are in Appendix Mathematica-A1.1 and R 
package (C3C4OptPhotosynthesis_0.1.0.tar.gz).  
Optimal stomatal resistance and allocation of energy between leaves and fine roots. We 
assume that the plant adjusts the rs and f to optimize the total carbon gain 
!"#"$% =
'(!)
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where ρ is the leaf mass density (g m-2), and for simplicity, we assume that N and ρ are fixed 
(Givnish, 1986). This amounts to considering the optimization problem faced by the plant in a 
given instance during growth, where size is a constant. We treat the instantaneous optimization 
problem as a proxy for the optimal growth path as the growth rate is maximized at any given 
time. We regard ρ as a species-specific trait that changes at a slower time-scale than rs and f. 
 
Allocation of nitrogen. The ratio maximal electron transport to maximal Rubisco carboxylation 
rate (Jmax/Vcmax) was used as a proxy for nitrogen allocation between RuBP carboxylation and 
regeneration. The initial condition for Jmax/Vcmax was 2.1 (Wullschleger, 1993) for both C3 and C4. 
For the reallocation value for C4 is Jmax/Vcmax = 4.5 (Vico and Porporato, 2008; Osborne and Sack, 
2012). We used a simple stoichiometry for Jmax and Vcmax by considering the sum of Jmax and Vcmax 
as a constant representing total available nitrogen for photosynthesis; such a stoichiometry was 
drawn from the existing modeling work (Vico and Porporato, 2008; Osborne and Sack, 2012). 
Two assumptions underlie this stoichiometry: (1) investing one molecule of N to the dark 
reactions increases Vcmax to the same degree as investing one molecule of N to the light reactions 
increases Jmax; (2) nitrogen allocation to enzymes involved in photorespiration (C3) and the CCM 
(C4) offset each other. These simplified assumptions are meant to represent an initial analysis of 
the effect of reallocation; they can be further adjusted when more detailed stoichiometry is 
available. 
 
Modeling scenarios. Photosynthesis were modeled over the following ranges of environmental 
conditions: 10 °C to 40 °C with 0.125 °C intervals, CO2 200 ppm to 600 ppm with 50 ppm 
intervals, water conditions VPD = 0.1, 0.625, 1.25, 1.875, 2.5 kPa with corresponding soil water 
potential (ψs) = 0, -0.5, -1, -1.5, -2 MPa and light intensities 1400, 1000, 600, 200, 100 µmol m-2s-
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1. We consider VPD = 0.1 kPa and ψs = 0 MPa as saturated, and light intensity of 1400 µmol m-2 
s-1 as an average light intensity of a day in open habitat. Environmental factors are intended to 
reflect growing-season averages.  
 
Paleoclimate modeling of geographic centers of evolution. Building on existing boundary 
conditions and simulations using earlier versions of the NCAR coupled model (CCSM3 and 
CCSM4) we implement mid-Miocene simulations in CESM 1.0.5 (Hurrell et al., 2013) 
incorporating slightly updated boundary conditions (Herold et al., 2011) within CESM 
incorporating the CAM5 atmospheric component (Neale et al., 2010) and the CLM4 land surface 
model (Lawrence et al, 2012) (Appendix A1.3). To drive the vegetation model, growth-season 
means of atmospheric incident solar radiation, 2m relative humidity, soil water potential (upper 
six layers), daily maximum of average 2m temperature were generated from 30-year 
climatological monthly means of CLM output. These fields were masked to include grid cells in 
the growing season (temperature> 10oC) and for ‘open’ settings, i.e. for grid cells made up of 
>20% of grassland, shrub-land, woodland and desert based on the distributions in Herold et al. 
(2011), thus filtering out closed-canopy forests and cold regions. Coding was performed in the 
NCAR Command Language (NCL), the source code is available upon request. 
Results 
We validated our optimality model through comparisons with previous models and empirical data 
from closely-related C3 and C4 species measured under similar conditions (Taylor et al., 2010; 
Fig. A1.1). Model outputs were consistent with observed patterns of C3 versus C4 for stomatal 
resistance, biomass allocation, photosynthesis, and leaf water potential. Leaf water potential 
predictions matched observed values, while predicted values for other measures were slightly 
higher. We incorporated our stomatal resistance and biomass outputs into a Penman-Monteith 
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model to determine if we could replicate the observed ecosystem-level water balance of C3-C4 
mixed grasslands (Morgan et al., 2011) (Appendix A1.2). Our model confirmed that increasing 
the C4 grass component reduces desiccation under higher temperatures and CO2 (Fig. A1.2 and 
Table A1.3). We further predicted that local desiccation would occur in pure C3 grasslands due to 
warming, even with CO2 increasing from 400 ppm to 600 ppm (Fig. A1.3). In contrast, local 
desiccation would be mitigated in pure C4 grasslands. 
 
Assimilation-based crossover temperatures, defined as the temperature at which assimilation by 
the C4 pathway exceeds that of the C3 pathway, decrease as water limitation increases and light 
intensity increases across all CO2 concentrations (Fig. 1.1 and Fig. A1.4). Without water stress 
(solid black line in Fig 1), our model predicts a C3/C4 crossover temperature of 23°C under 380 
ppm, a result similar to previous data and/or models (Ehleringer et al., 1997; Collatz et al., 1998). 
The model results in Fig. 1.1 were all under the light intensity of 1400 µmol m-2s-1 and with a C4 
Jmax/Vcmax ratio of 4.5, which corresponds to a reallocation of nitrogen from dark to light reactions. 
Model results for a C4 Jmax/Vcmax ratio of 2.1 (no reallocation) were similar (Fig. A1.4a) with 
exception of low CO2 and low water availability. Crossover temperatures are higher with 
Jmax/Vcmax= 4.5, showing that nitrogen reallocation decreases the C4 advantage under water 
limitation and low CO2. Under saturated soil and low VPD, crossover temperatures decrease 
along with increasing light intensity (Fig. A1.4c, d). An increase in light intensity provides a 
larger relative benefit for C4 at low CO2, because C3 photosynthesis remains CO2 limited 
throughout while C4 light limitations lessen as light increases. Photosynthetic limitation states 
were examined under multiple environmental scenarios, using Jmax/Vcmax = 2.1 or 4.5 for C4. With 
Jmax/Vcmax=2.1, C4 is light limited in most conditions (Fig. A1.5a, c). With Jmax/Vcmax=4.5, or when 
CO2 decreases to 200 ppm, C4 becomes limited by CO2 under low temperatures and by light under 
high temperatures (Fig. A1.5b, d, e, f). 
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To provide a more quantitative measure of C4 advantage, we calculated the net assimilation rate 
difference between C4 and C3, ∆An (net assimilation of C4 minus that of C3), through all 
environmental variations (Fig. 1.2 and Fig. A1.6). The positive contour space (∆An > 0) means 
that C4 outcompetes C3 within given environmental dimensions, and the higher the ∆An, the 
greater the advantage of C4. In Fig. 1.2, the light intensity of 1400 µmol m-2s-1 is fixed for all 
model runs. Under CO2 = 200 ppm, ∆An is higher under moist conditions than water-limited 
conditions (Fig. 1.2a, b). In contrast, under higher CO2 (400 and 600 ppm), C4 has the greatest 
advantage only in water-limited conditions, leaving a relatively small environmental envelope for 
C4 (Fig. 1.2c-f). This is because C3 photosynthesis has a greater proportional increase in 
assimilation from 200 to 400 or 600 ppm CO2. Across all scenarios, increasing Jmax/Vcmax 
increases both the ∆An and space for C4 advantage (Fig. 1.2 b, d, f). Light responses were 
examined under saturated soils (Fig. A1.6) and at low CO2. ∆An increases strongly as light 
increases whereas there is a much smaller light effect at 400 ppm CO2 and higher, and a high 
Jmax/Vcmax was required for a C4 advantage (∆An > 0).  
 
By driving the optimality model with outputs from paleoclimate model we can predict the 
geographic centers for C4 ecological dominance as a proxy for C4 origins. Areas of central Asia, 
southwest Asia, northern Africa/Arabia would strongly select for C4 at 600 ppm CO2 because of 
the warm temperatures and arid conditions simulated there (Fig. 1.3a). Southwestern Australia 
also has a significant land area that would support C4, and to a lesser extent, so does southwestern 
North America. As CO2 decreased to 400 and 270 ppm, the areas mentioned above expanded to 
strongly support a C4 ecological advantage with the addition of southern Africa and southern 
South America (Fig. 1.3b, c). As CO2 decreased, C4 favorability maintained a foothold in the 
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semi-arid sites and moved into wetter regions, while still requiring warm temperatures for an 
advantage. At both 400 and 600 ppm, a higher Jmax/Vcmax ratio was required for C4 to maintain a 
higher advantage over C3 (Fig. 1.3 a,b and Fig. A1.7a, b). At 270 ppm, C4 had a broad advantage 
over C3 with a lower Jmax/Vcmax ratio (Fig. 1.3c and Fig. A1.7c). 
 
We calculated the photosynthesis rates of the two pathways by only varying the Jmax/Vcmax for C4 
to further examine the pure effect of nitrogen reallocation (Fig. 1.4). With Jmax/Vcmax =2.1 for both 
C3 (solid black line) and C4 (dashed line), the C4 assimilation rate is rarely higher than C3, which 
indicates C4 does not have an obvious advantage under current CO2. However, with Jmax/Vcmax 
=4.5 for C4 (dotted line), C4 has an advantage over C3 at higher temperatures. 
 
Under all environmental and nitrogen allocation scenarios, optimal stomatal resistance (rs) and 
leaf biomass/total biomass of leaf and fine root allocation (f) are higher in C4 plants than C3 
plants, and response patterns were similar across CO2 concentrations (Fig. A1.8). In addition, f 
decreases and rs increases as the intensity of water limitation increases. Results are consistent for 
C4 with a Jmax/Vcmax of 2.1 and Jmax/Vcmax of 4.5. The higher rs in C4 plants led to a consistently 
higher water potential than C3 plants in all simulated conditions (Fig. A1.1b). We also predicted 
that C4 plants should have a higher leaf-turgor-loss point than closely-related C3 plants, and we 
found empirical support for this prediction across four closely-related C3-C4 clusters (Fig. 1.5). 
Discussion 
Based on the conditions under which C4 plants have the ecological advantage over C3, our results 
offer physiological and climatological support for a potential Oligocene ecological dominance of 
C4. This finding is in concert with the early ranges C4 evolution from molecular-based approaches 
(Vicentini et al., 2008; Christin et al., 2011), and we use this ecological dominance as a proxy to 
identify the regions where C4 would likely emerge. Isotopic and fossil evidence suggest that C4 
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photosynthesis first arose in the mid-Miocene, whereas molecular and phylogenetic approaches 
suggest that C4 first arose anywhere from the mid-Miocene to mid-Oligocene (Edwards et al., 
2010). Our paleoclimate model broadly represents the environmental conditions for Oligocene to 
mid-Miocene (Lunt et al., 2007; Goldner et al., 2014; Super et al., 2018), with high CO2 
conditions representing the mid-Oligocene, and low CO2 mid-Miocene. We find that 
environmental conditions favored C4 plants during the mid-Oligocene (~30 MYA) at warm, arid 
sites where water limitation acted as the primary selective pressure to increase photorespiration 
when CO2 was as high as 600 ppm. The geographic origins predicted by our model and those 
proposed by others (Sage et al., 2018) tend to agree, which lends general support to our approach. 
At the same time, there are important differences that impact both the location and potential age 
for the evolution of C4 (Fig. 1.3). Notably, we find a new, or greatly expanded, region of potential 
C4 origin in northern Africa. Under Oligocene/Miocene climate, northern Africa was arid, but the 
Tethys sea had not yet closed and the northwest and the northeast were consequently just wet 
enough to ecologically favor C4 over C3 plants. Likewise, Australia is thought to have developed 
conditions favorable for the evolution and expansion of C4 only within the last 9 MYA (Sage et 
al., 2018), yet we show it slightly favoring C4 under Oligocene CO2 and strongly favoring C4 by 
the mid-Miocene. Climate simulations suggest that both northern Africa and southwestern 
Australia had wetter summers than the current Mediterranean-type climate. 
 
As CO2 decreased through the Miocene, warm temperatures remained a strong selective force, 
but the primary selective force for a C4 advantage over C3 shifted from water limitation to low 
CO2 and, to a lesser extent, light intensity. However, as increased light intensity alone could not 
lead to an advantage of C4 under high CO2 (Fig. A1.6c), it seems likely that C4 could not 
dominate except in locally arid areas while CO2 was high. Thus, after its emergence, C4 radiation 
likely idled in small pockets of selective favorability as CO2 concentrations declined through the 
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Miocene (Royer, 2006), similar to the ‘edaphic ghetto’ hypothesis (Bond, 2015). Furthermore, 
given that CO2 may have been rapidly cycling on orbital timescales between 500ppm and 
300ppm (Greenop et al., 2014), the transition to widespread C4 could have exhibited hysteresis 
and occurred through fits and starts. Such shifts in primary selective pressures on C4 
photosynthesis over evolutionary time are consistent with the isotopic evidence (Cotton et al., 
2016; Griffith et al., 2017). 
 
Consistent with previous studies, our model predicts that low CO2 (200-300 ppm) strongly favors 
C4 over C3 photosynthesis (e.g., Ehleringer et al., 1997; Way et al., 2015). We further show that 
low CO2 provides a clear C4 advantage under a large range of water availability and light 
intensity regimes. Under low CO2, the greatest C4 advantage occurs in relatively moist and mildly 
water-limited conditions, opposite to that which is seen under high CO2. Under low CO2, new C4 
species evolved in multiple lineages and together with the earlier C4 species started to increase 
their biomass to occupy open sites (Edwards et al., 2010). The environmental conditions that led 
to the largest C4 advantage within our model, therefore, parallel those documented in extant C4-
dominated grasslands: highly seasonal precipitation that occurs chiefly within a warm growing 
season (Hattersley, 1983; Paruelo and Lauenroth, 1996). These are also similar to the conditions 
that led to the large-scale expansion of C4 grasslands in the Miocene, for example, the onset of 
summer monsoons and subsequent C4 grassland expansion in the Indian subcontinent (Quade et 
al., 1989). 
 
The role of water limitation in C4 grass evolution has sparked interest in grass hydraulics and the 
anatomical shifts in C3 grasses that were prerequisites to C4 evolution (Osborne and Sack, 2012; 
Griffiths et al., 2012), and we further propose that the evolution of C4 photosynthesis leads to a 
reorganization of the hydraulic system. A lower leaf-turgor-loss point is typically a strong 
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indicator of drought tolerance across species (Bartlett et al., 2012). On the contrary, we predict 
that the higher stomatal resistance of the C4 CCM leads to a higher leaf water potential than C3 in 
all water-limited conditions; thus, there is no need for C4 to maintain a lower leaf-turgor-loss 
point. We confirmed this prediction in four closely-related C3-C4 clusters (Fig. 1.5). It is thought 
that the higher vein density of C4 grasses should lead to greater hydraulic conductance (Osborne 
and Sack, 2012; Griffiths et al., 2012), but we found a clear C4 advantage solely by allowing for 
optimal leaf:fine-root allocation and stomatal conductance. We also find that increasing hydraulic 
conductance had little impact on the C4 advantage (Fig. A1.9), indicating that the C4 CCM itself 
is enough to result in greater carbon gain under water stress. These results do not contradict the 
idea that larger bundle sheaths and smaller interveinal distance— which were clear prerequisites 
for C4 evolution (Griffiths et al., 2012; Christin et al., 2013) — led to greater hydraulic 
conductance and drought tolerance among C4 progenitors (Griffiths et al., 2012). They do, 
however, suggest that greater hydraulic conductance is not necessary to give C4 plants an 
advantage once the carbon-concentrating mechanism evolved. We hypothesize that once C4 
evolves in a lineage, selection on increased hydraulic conductance would not only lessen, but 
invert, leading to the development of even narrower xylem conduits and greater drought 
resistance. There is empirical support for such a prediction in eudicots (Kocacinar and Sage, 
2003). 
 
Different environmental conditions can select for a shift in the degree of nitrogen allocation 
across the light and dark reactions separately from the C4 CCM (assessed here by a change in 
Jmax/Vcmax). In general, CCMs allow for less investment in nitrogen-rich Rubisco (Ku et al., 1979), 
and the nitrogen not used for Rubisco could be either reinvested in light harvesting machinery or 
simply not used at all, thus reducing the total nitrogen requirement. Modeling studies have long 
assumed a high Jmax/Vcmax for C4 photosynthesis (Vico and Porporato, 2008; Osborne and Sack, 
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2012) and measurements show lower Rubisco content and higher chlorophyll and thylakoid 
content, giving evidence of reallocation in extant C4 species (Tissue et al., 1995; Ghannoum et al., 
2010). Empirical estimates of Jmax/Vcmax, in C4 plants, are more variable, ranging from 2 to above 
6, with a mean of around 4.5 (Massad et al., 2007; Ye et al., 2013; Ge et al., 2014)which is higher 
than the mean Jmax/Vcmax estimates for C3 plants of 2.1 (Wullschleger, 1993). Increasing Jmax/Vcmax 
almost always increases the photosynthesis rate of C4 grasses (Fig. 1.4 and Fig. A1.10), and 
therefore could lead to a competitive advantage over C3 grasses as well as C4 grasses that do not 
reallocate. Assuming there is little cost or no genetic constraints for reallocation, the selection 
pressure to reallocate would have been strongest when CO2 was high because the CCM alone 
does not give C4 a large advantage. When CO2 was low during the late Miocene C4 expansion, 
however, the CCM alone would give C4 an advantage and reallocation would not change the 
competitive balance between C3 and C4. As CO2 remained low through to the Pleistocene, 
selection for nitrogen reallocation to the light reactions would lessen further, especially during the 
CO2 minima of the Pleistocene glacial periods (~180 ppm).  
 
Each evolutionary origin of C4 photosynthesis represents both different selective pressures and 
taxonomic (genetic) constraints as climate and CO2 changed. Taking the Chloridoideae as an 
example, we can use our model to develop hypotheses along the ecological trajectory of C4 in this 
grass subfamily. The ecological advantage of C4 photosynthesis in the Oligocene, while CO2 was 
high, was driven by aridity, acting to decrease stomatal conductance that increased 
photorespiration in C4 progenitors initially, and led to higher water use efficiency upon the 
evolution of the CCM. There would have been enough of a reduction in water use that the turgor-
loss point would increase, and selection for increased hydraulic conductance would relax, 
allowing for the development of more resilient— and less conductive— xylem. There would have 
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been strong selection for reallocation of nitrogen from the dark reactions to the light reactions. 
The large radiation of C4 within the Chloridoideae, occurring, in the mid-to-late Oligocene was 
likely driven by low CO2 and high light, and the previously-evolved hydraulic resilience would 
perhaps relegate this subfamily to being the dry-site specialists observed in current-day 
distributions (Liu et al., 2012). There would have been much less selective pressure to reallocate 
N during the large radiation, but such a reorganization was likely already in place within the 
clade. In contrast, for the lineages that evolved C4 in the late Miocene (e.g., Stipagrostis, 
Eriachne, Neurachne), CO2 would have been the primary impetus for C4 evolution, but for these 
lineages there would have been little selection to reallocate nitrogen, and we predict that they 
would have greater hydraulic conductance and lower turgor-loss points than those of the 
Chloridoideae. 
 
By optimizing carbon gain over water loss, we developed a plausible physiological explanation 
for the ecological advantage of C4 through time, and further proposed hypotheses about how a 
variety of traits that accompany the C4 CCM developed in concert with the climate changes that 
occurred through this ecological trajectory (Christin and Osborne, 2014). There are obvious 
caveats with our interpretations, because we focus solely on physiology and assume that 
competitive outcomes or selective pressures are decided primarily by photosynthetic rates. We 
also do not consider how larger ecological processes like disturbance can undermine physiology-
based projections of plant distributions (Griffith et al., 2015). However, by examining extant 
species within select lineages in both controlled and natural environments these hypotheses can 
be examined empirically together with our physiological model, ultimately providing an 
integrative view of the selection pressures that led to the current physiologies and distribution of 
C4 plants. 
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Fig. 1. 1 Crossover temperatures of photosynthesis for C3 and C4 with the change of CO2 
concentration under different water conditions. Light intensity was 1400 µmol m-2s-1 for all model 
runs. Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for C4. Solid black line: VPD=0.1 kPa, ψs=0 MPa; 
dashed black line: VPD=0.625 kPa, ψs=-0.5 MPa; dot-dashed black line: VPD=1.25 kPa, ψs =-1 
MPa; dotted black line: VPD=1.875 kPa, ψs=-1.5 MPa. The circle and error bars indicated the 
average and confidence intervals of crossover temperature in Collatz (1998). 
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Fig. 1. 2  The total difference in CO2 assimilation between C4 and C3 (An(C4)-An(C3)) under 
various CO2 (200 ppm, 400 ppm and 600 ppm) and water conditions under light intensity (1400 
µmol m-2s-1). Jmax/Vcmax=2.1 for C3 and C4 (a, c, e) and Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for 
C4 (b, d, f). Water limitation intensity is: 1: VPD =0.1 kPa, ψs=0 MPa; 2: 0.625 kPa, -0.5MPa; 3: 
1.25 kPa, -1 MPa; 4: 1.875 kPa, -1.5 MPa; 5: 2.5 kPa, -2 MPa.  
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Fig. 1. 3 The regional distributions of C3 or C4 ecological dominance under Oligocene/Miocene 
climate and different CO2. Dominance is determined by the assimilation difference (An(C4)-
An(C3); µmol m-2 s-1) with the thresholds: > 3, C4 dominant; between 1 and 3, C4 slightly 
dominant; between -1 and 1, equal dominance; between -3 and -1, C3 slightly dominant; < -3, C3 
dominant. For each grid cell, the optimality model was driven with outputs from the Community 
Land Model (CLM4.5) in the CESM: (a) 600 ppm CO2 and (b) 400 ppm CO2, both with C3 
Jmax/Vcmax ratio = 2.1 and C4 Jmax/Vcmax ratio = 4.5, (c) 270 ppm CO2, C3 Jmax/Vcmax ratio = 2.1 and 
C4 Jmax/Vcmax ratio = 2.1. Circles superimposed on figures indicate evolutionary origins from 
previous studies (Sage et al., 2018) and numbers within the circles indicate cumulative lineages 
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within which C4 evolved by a given time period for (a) late-Oligocene/early-Miocene, (b) mid-
Miocene, (c) late-Miocene/Pliocene.  
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Fig. 1. 4 Assimilation rates of C3 with Jmax/Vcmax=2.1 (solid black line), C4 with Jmax/Vcmax=2.1 
(dashed black line) and C4 with Jmax/Vcmax=4.5 (dotted black line) (other parameters are 
maintained the same for C3 and C4) under light intensity of 1400 µmol m-2s-1, CO2 of 400 ppm 
and different water limitation conditions. (a) VPD=0.625 kPa, ψs=-0.5 MPa; (b) 1.25 kPa, -1 
MPa. 
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Fig. 1. 5 Measured leaf-turgor-loss points in four closely-related groups of C3 and C4 species 
(white bars: C3 species; grey bars: C4 species). Error bars show standard errors. Different letters 
denote a significant difference within a group. 
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CHAPTER 2 The legacy of C4 evolution in the hydraulics of C3 and C4 grasses 
Abstract 
Recent work has revealed that water limitation played a crucial role in C4 evolution. This has 
sparked interest in grass hydraulics and the anatomical shifts in taxonomically-related C3 and C4. 
Increased bundle sheath size and decreased vein distance are anatomical precursors for the 
evolution of C4 from C3 ancestors, leading to higher leaf hydraulic conductance and leaf 
capacitance. At the same time, the C4 cycle lowers water demand and allows lower stomatal 
conductance and a higher leaf water potential, reducing the benefit from increased leaf 
conductance and capacitance. How these conflicting pressures on hydraulic traits played out in 
the evolutionary history of C4 plants remains unclear. Here, we use measurements of a diverse set 
of C3 and C4 grasses and phylogenetic analysis to quantify evolutionary patterns in hydraulic 
traits within C3 and C4 lineages. We find that C4 lineages initially had higher leaf hydraulic 
conductance, capacitance, turgor loss point, and lower stomatal conductance than their C3 
counterparts. Further, subsequent evolution of some important hydraulic traits differed between 
C3 and C4 grasses: leaf hydraulic conductance and capacitance decreased in the C4 lineages over 
time, but slightly increased or held steady in C3 lineages, consistent with theoretical predictions. 
On the other hand, stomatal conductance decreased similarly in C3 and C4 and there were no 
trends for leaf turgor loss and elasticity. We further found that the divergent evolution of 
hydraulic traits in C3 and C4 lead to a reduced positive correlation between maximal assimilation 
rate and leaf hydraulic conductance in C4 lineages, decoupling a basic relationship between 
hydraulic traits and productivity within C3 species. 
 
Introduction 
The C4 photosynthetic pathway increases the efficiency of photosynthesis by creating a CO2 
concentrating mechanism around the enzyme Rubisco, hence reducing the oxygenase activity of 
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Rubisco and photorespiration. This reduction of photorespiration selected for the independent 
evolution of C4 for 22-24 times independently in grasses (Grass Phylogeny Working Group II, 
2012). Each independent evolution of C4 required significant vascular and biochemical 
reorganization within a grass blade (Sage et al., 2012; Osborne and Sack, 2012; Griffiths et al. 
2012), and multiple environmental drivers interacted over the ~30 million-year course of C4 
evolution (Chapter 1). Earlier work emphasized temperature and CO2 as the strongest 
environmental drivers of C4 evolution and distribution (Teeri and Stowe, 1976; Hattersley, 1983; 
Ehleringer and Monson 1993; Ehleringer et al. 1997), but phylogenetic groupings and climate 
indices demonstrate that water availability is a major contributor to the current distribution of C3 
and C4 grasses within a clade (Edwards and Still, 2008; Pau et al., 2013). Additionally, water 
availability likely drove the evolution and expansion of the earliest C4 lineages about 30 MYA, as 
supported by phylogenetic evidence (Edwards and Smith, 2010) and mathematical modeling 
(Chapter 1). As a result, attention has refocused to the water relations of taxonomically-related C3 
and C4 grasses to explain both current distributions and the anatomical shifts in grasses that were 
prerequisites to C4 evolution (Griffiths et al. 2012, Osborne and Sack 2012, Taylor et al. 2012). 
 
The biochemical and vascular reorganization required for the evolution of C4 (Sage et al. 2012)— 
and subsequent fine-tuning across separate selection landscapes— likely impacted leaf hydraulics 
and hydraulics-photosynthesis relationships within C4 lineages differently as compared to closely-
related C3 plants. Prior research has established that C4 plants have lower stomatal conductance 
(gs) and consequently greater water-use efficiency than C3 plants (Pearcy and Ehleringer, 1984; 
Huxman and Monson, 2003; Taylor et al., 2010; Taylor et al., 2012; Way et al., 2014). At the 
same time, decreased vein distance and increased bundle sheath size are thought to be the 
anatomical precursors for the evolution of C4 from C3 (Christin et al., 2013; Osborne and Sack, 
2012; Griffiths et al. 2012). Both variables can impact the water relations of a plant independent 
	
	
31	
of gs. In C3 species, leaf hydraulic conductance (Kleaf) has a positive relationship with vein density 
(Sack and Frole, 2006; Brodribb et al., 2007; McKown et al., 2010; Scoffoni et al., 2016). Thus, 
the decreased inter-veinal distance and consequently higher vein density in C4 species was 
proposed to lead to a higher Kleaf than closely related C3 species (Osborne and Sack, 2012; 
Griffiths et al. 2012). Further, increased bundle sheath size was proposed to lead to a higher leaf 
capacitance in C4 species (Sage, 2001, Osborne and Sack, 2012; Griffiths et al. 2012). However, 
these hypotheses have not yet been empirically tested. Therefore, our first goal in this paper is to 
determine whether anatomical differences in C4 grasses result in greater Kleaf and leaf capacitance 
compared to their corresponding C3 relatives. 
 
C4 photosynthesis evolved in grass lineages many times independently over millions of years. 
Selective pressures for both the initial evolution of C4 in each lineage, and within a lineage after 
C4 evolved likely varied across time.  Recent theoretical, anatomical and phylogenetic studies 
made great progress in reconstructing the evolutionary pathways leading to the emergence of the 
carbon concentrating mechanism (CCM; Heckmann et al. 2013, Griffiths et al., 2012, Christin et 
al. 2013). These studies do not, however, account for changing selective pressures on traits after 
the CCM evolved, which likely resulted in a great deal of additional diversification after the 
evolution of C4 within a lineage (Kocacinar and Sage, 2003; Christin et al. 2014). For example, 
the CCM decreases water demand by allowing lower gs and a less negative leaf water potential 
than C3 grasses (Chapter 1). Thus, a higher Kleaf resulting from increased vein density may no 
longer provide a selective advantage due to maintenance costs or shifts into novel ecological 
niches. This example suggests a non-monotonic evolutionary history of hydraulic traits in C4 
lineages, which likely arose from ancestors with high Kleaf that were initially adapted to dry 
environments, but may have lost this enhanced transport efficiency after the evolution of C4 
through a reorganization of hydraulic traits. Our second goal therefore is to quantify the 
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evolutionary trends in Kleaf, capacitance and turgor loss point after the evolution of C4 within a 
lineage.  
 
The evolution of a new photosynthetic pathway attendant with multiple potential changes in plant 
hydraulics represents the ideal platform to examine the covariation between photosynthesis and 
water transport. Maximizing the efficiency of water transport through leaves to the sites of 
evaporation allows for a maximization of carbon gain. There is a positive correlation between 
maximal assimilation rate and Kleaf as controlled by vein placement within the leaf across a broad 
evolutionary continuum, as well as at the generic level (Brodribb et al., 2007, Scoffoni et al. 
2016). Grasses are largely absent from previous efforts to examine this relationship, which is 
unfortunate because of the unique parallel venation found in grasses, and the potential for 
hydraulic reorganization mentioned above. Furthermore, C4 species belong to three subtypes 
based on the enzymes which decarboxylate C4 acids in the bundle sheath. Among subtypes, there 
are often differences in water use efficiency and habitat differentiation (Taub et al., 2000; Pinto et 
al., 2016). Our third goal is to ask how the relationship between photosynthesis and leaf hydraulic 
properties differs between C3 and C4 grasses and whether the relationship varies within C4 
lineages and across C4 subtypes.  
 
In this paper we use phylogenetic analyses, physiological measurements and modeling to 
examine the reorganization of hydraulic traits in C4 grass lineages and in closely-related C3 
grasses.  We found the following results: (1) C4 grasses have greater leaf hydraulic conductance 
(Kleaf) and leaf capacitance, as well as lower stomatal conductance (gs) and higher leaf turgor loss 
point compared to their C3 relatives. (2) Within lineages, Kleaf and leaf capacitance decrease with 
evolutionary age in the C4 grasses, whereas in sister C3 lineages Kleaf slightly increases and leaf 
capacitance mostly keeps steady. At the same time, gs decreases similarly in C3 and C4 and we 
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found no trend for leaf turgor loss and elasticity. (3) The evolutionary trends described above 
were consistent among the C4 subtypes and clusters. (4) Phylogenetic analysis indicated that 
although maximal assimilation rate (Amax) and Kleaf are positively correlated in both C3 and C4, 
the relation is weaker in C4 species. Amax was negatively related with leaf capacitance in C3 
species, but was positively related with leaf capacitance in C4 species. 
 
Materials and Methods 
Plant material 
We collected seeds of 33 closely related C3 (6 species) and C4 species (27 species), representing 
three C4 subtypes and seven closely-related clusters and the phylogeny for them was pruned from 
a published grass phylogeny (Fig. A2.1; Edwards, Grass Phylogeny Working Group II, 2012). In 
2015, seeds were surface sterilized before germination and the seedlings were transferred to 6 
inch pots with the soil of Fafard #52 (Sungro, Ajawam, MA). Six replicates of the species were 
randomized in the clear greenhouse of the University of Pennsylvania supplemented with 
artificial lighting. The plants were watered twice daily. Daytime/night temperature was controlled 
at 23.9-29.4/18.3-23.8 oC; relative humidity was around 50-70%. Plants are fertilized once per 
week with 300 ppm Nitrogen solution (Jacks Fertilizer; JR Peters, Allentown, PA) and 0.5 tsp of 
18-6-8 slow release Nutricote Total (Arysta LifeScience America Inc, NY) per pot was applied 
when plants were potted into 6 inch pots. To maintain optimal plant growth a 15-5-15 cal-mg 
fertilizer is used every third week. 
  
Hydraulic traits 
Leaf hydraulic conductance (Kleaf) was measured using the evaporative flux method (Sack and 
Scoffoni, 2012), with some adjustments to maintain stability of the evaporative environment to 
which the leaf was exposed. the evening before measurements, potted plants were brought to the 
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laboratory, well-watered and, then covered by black plastic bags filled with wet paper towels to 
rehydrate overnight. The most-recent fully expanded leaves from each plant were used for Kleaf 
measurements. For the leaf gasket, a 1 cm diameter, ~ 1 cm long solid silicone rubber cylinder 
was cut nearly in two, leaving a hinge on one end. The cylinder was placed around the leaf blade 
near the ligule and glued shut with superglue (gasket method from Troy Ocheltree, personal 
communication): The leaf was cut from the plant with a razor blade while submerged in a 15 
mmol L-1 KCl solution; the rubber gasket was then attached to tubing filled with the same KCl 
solution. The other end of the tubing was inside a graduated cylinder that sat on a digital balance 
(Mettler-Toledo). The leaf was then placed inside a custom, environmentally controlled cuvette 
that allowed for the measurement of entire grass blades.  The cylindrical glass cuvette is 50 cm 
long with a 6 cm diameter.  It is surrounded by a second glass cylinder that is sealed off with the 
exception of two nozzles that allow for the circulation of temperature-controlled water. This 
water jacket controls cuvette temperature. Within the cuvette, the leaf rests on a 48 cm long, 
removable threaded-rod insert that has attached to it: 11 air-stirring fans, a leaf thermocouple, a 
shielded temperature/relative humidity sensor (Sensirion SHT75), and tubing for 
incoming/outgoing air supply. Chamber air is first pulled from tubing attached to a rooftop 
sample port and then passes to two 20 l carboys in series, and then into the pump intake.  Air then 
is pushed from the diaphragm pump (Brailsford, Antrim, NH) to a heated water bubbler to 
saturate the air and onto a water-jacketed glass coil that is temperature controlled at the desired 
dew-point temperature. Air then passes to a mass flow controller (MKS) set at 2 l m-1 and to a 
second mass flow meter (Sierra Instruments) and into the cuvette. A sodium-halide lamp is 
position directly above the chamber. Photosynthetically active radiation in the system is 1000 
µmol m-2 s-1. Throughout measurements, cuvette temperature was controlled at 25 o C and the 
humidity was 55-65% (VPD range of 1.1-1.4 kPa) across measurements, but remained constant 
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during a particular measurement. Flow from the balance was monitored for 45 m to 1h until the 
flow rates reach steady state (Sack and Scoffoni, 2012). After the measurements, the leaf was 
detached and was put into a plastic bag to equilibrate for 20 minutes. After equilibration, leaf 
water potential was measured using a pressure chamber (Model 1000, PMS Instrument, USA). 
Leaf area was determined by using a digital photo and ImagJ. Kleaf values were further 
standardized to 25 oC to make the Kleaf comparable among studies and across species. Data 
indicating a sudden change of flow and whose leaf water potential was an obvious outlier were 
deleted. 
   
We measured pressure-volume (PV) curves using the bench-drying method (Tyree and Hammel, 
1972; Sack and Pasquet-Kok, 2010). The latest expanded leaf was cut using a razor blade and leaf 
water potential was measured immediately. Then, the leaf weight was recorded. The leaf was 
initially allowed to dry on the bench for 2-minute intervals and put into a ziplock bag and under 
darkness for 10-minute equilibration before measuring the leaf water potential and leaf weight 
again. Then, the waiting intervals could be adjusted based on the decrease of the leaf water 
potential (from 2 minutes-1h). Ideally, a decreasing gradient of -0.2MPa for leaf water potential 
was obtained for the curves, until the leaf weight reached a steady state. At the end of the 
experiment, leaves were dried in the oven at 70oC for 48h to obtain the dry weight. The PV 
curves were used in curve fitting to obtain leaf capacitance, leaf turgor loss point and leaf 
elasticity (Sack and Pasquet-Kok, 2010). 
 
Maximal assimilation rate (Amax) and stomatal conductance (gs) were measured under saturated 
light intensity. Amax and gs were obtained using a standard 2 x 3 cm2 leaf chamber with a red/blue 
LED light source of LI-6400XT (LI-COR Inc., Lincoln, NE, USA) for the latest fully expanded 
leaf for each plant. Light curves were measured with light intensities of 2000, 1500, 1200, 1000, 
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800, 500, 300, 200, 150, 100, 75, 50, 20, 0 µmol m-2 s-1 under CO2 of 400 ppm. Then, Amax was 
estimated from the light curve (Marshall and Biscoe, 1980; Thornley, 1998). All the 
measurements were made under the temperature of 25oC and the leaf temperature to air vapor 
pressure deficit was controlled around 2kPa. gs at the saturated light intensity of 2000 µmol m-2 s-
1 was recorded for each plant. The cuvette opening was covered by Fun-Tak to avoid and correct 
for the leakiness (Chi et al., 2013). 
 
Phylogenetic analysis 
Phylogenetic analysis for C3 and C4. For each of the hydraulic traits, we fitted evolutionary 
models to test which evolutionary model best explains observed distribution of traits along the 
phylogeny and how these models differ between C3 and C4. We fitted evolutionary models 
belonging to three major types: Brownian Motion model (BM, Models 1-3) without a directional 
trend, Brownian Motion Model with trend (BMT, Models 4-7) and Ornstein-Uhlenbeck Model 
(OU, Models 8-9) (Table 2.1). We fitted the evolutionary models using the phylogenetic analysis 
package “mvMORPH” in R. To determine the best fitted evolutionary model, we compared two 
criteria, the small-sample-size corrected version of Akaike information criterion (AICc, the lower 
AICc, the better fit) and Akaike weights (AICw, the higher AICw, the better fit) (Akaike, 1974; 
Cavanaugh, 1997; Burnham and Anderson, 1998). Within each type of evolutionary models, we 
fitted nested variants (Models 1-7; Models 8-9), varying in whether C3 and C4 lineages had the 
same or different fluctuation rates (for BM and BMT models), root states, or trends (for BMT 
models). We used likelihood-ratio test (LRT) method to test which model variant performs 
significantly better. These tests allowed us to test evolutionary hypotheses about hydraulic trait 
evolution in C3 and C4 plants. For instance, if the model in which C3 and C4 have different root 
states fit significantly better than model in which C3 and C4 have the same root states, it means 
there is a shift of physiological trait along with the formation of C4. Likewise, if Brownian motion 
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model with trend fits the phylogenetic patterns better than Brownian motion model without trend 
it means there is an evolutionary trend, and a significantly higher likelihood ratio for a two-trend 
model suggests that C3 and C4 lineages differ in the speed or direction of hydraulic evolution. 
In order to further test whether there are significant differences among C4 subtypes or clusters, 
evolutionary models with subtypes (SubtypeModel 1-9, Table A2.1) and clusters (ClusterModel 
1-9, Table A2.1) were used to fit the data. We again used AICc, AICw and LRT methods to find 
the best model variants: whether there are significant differences for hydraulic shifts and 
evolutionary trends among different subtypes or clusters. In addition, ANOVA analysis is used 
within each cluster to test whether there are significant differences among C4 species and their 
most closely-related C3 species. For the leaf capacitance analysis, Dichanthelium clandestinum is 
deleted as it is an obvious outlier. 
Phylogenetic analysis for correlations among traits. Multivariate analysis in “mvMORPH” 
was used to estimate the correlations between Amax and each of the hydraulic traits and to test the 
hypotheses that whether such correlations are different between C3 and C4. Four different sets of 
evolutionary assumptions for traits are used for the correlation analysis: BM: Brownian motion 
with same root and no trend; BMR: Brownian motion with different roots and no trend; BMRST: 
Brownian motion with different roots and single trend; BMRDT: Brownian motion with different 
roots and different trends. Since the Ornstein-Uhlenbeck process is difficult to take the root state 
transition into consideration, we used Brownian motion assumptions as approximation for leaf 
turgor loss and leaf elasticity, as suggested by Julien Clavel (personal communication).  In order 
to increase the reliability, we used the four different assumptions mentioned above for leaf turgor 
loss and leaf elasticity and chose the best fitted one to do the following analysis. Within each set 
of evolutionary assumptions, seven different correlation models are fitted (Table A2.2). First, we 
identified the best-fitted assumption by comparing AICc and AICw. Then, within the best-fitted 
assumption, we used LRT for the seven correlation models to test whether the correlation of the 
	
	
38	
two traits is significantly different from 0 and whether the correlation of two traits is significantly 
different between C3 and C4. 
 
Physiological Modeling 
We used physiological models that couples the photosynthesis systems and hydraulic systems 
with the perspective of optimizing stomata openness and fine root/leave allocation was used to 
predict the effect of changing Kleaf on assimilation rate (Chapter 1). We double or reduce by half 
Kleaf relative to the original value to predict the effects on assimilation rates for C3 and C4 
pathways. We modeled two different scenarios for this simulation test. In the first scenarios, we 
assumed C4 had the same photosynthetic and hydraulic properties with C3 species (e.g., Rubisco 
affinity and specificity, Table A1.2) other than the carbon concentration mechanism, which 
mimics the initial evolution of C4. Next, we considered photosynthetic and hydraulic properties 
also changed, using experimentally measured values for C4 and C3 from recent studies to 
represent extant plants (Table A1.2). 
 
Results 
Evolutionary trajectories of hydraulic traits 
As a first order analysis, we conducted ANOVA tests within each phylogenetic cluster, which 
indicated C4 had higher or equivalent leaf hydraulic conductance (Kleaf), leaf capacitance and leaf 
turgor loss point than their corresponding C3 in different clusters (Fig. 2.1), while C4 had the 
lower or equivalent stomatal conductance (gs) and no pattern was found for leaf elasticity. 
In our phylogenetic analysis, the best fitting model to the data for Kleaf, capacitance and gs was 
Brownian motion with trend (BMT), while the OU model is the best-fitted model for leaf turgor 
loss point and leaf elasticity, as determined by the AICc and Akaike weights (Tables A2.3-A2.7). 
The best fitted model implies higher Kleaf, capacitance, and lower gs at the root of C4 lineages 
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(i.e., at the initial evolution of CCM) compared to C3 (LRT test, all p<0.01; all ΔAICc<-3; Table 
2.2, Fig. A2.3, Tables A2.3-A2.5). Further, the best fitted model also implies significantly 
different evolutionary trends in C3 and C4 lineages for Kleaf (comparison to different roots, 
same/no trend: p=0.0038/0.0013, all ΔAICc<-3; Table 2.2, Fig. A2.2). In contrast, for leaf 
capacitance, the model with two root states and different trends in C3 and C4 lineages was not a 
significantly better fit than the model with two root states but a single or no trend (comparison to 
different roots, same/no trend: p=0.11/0.076, ΔAICc>0). Finally, for gs, the best fit models 
implied two different root states, but could not reject the hypothesis that both C3 and C4 lineages 
shared a single trend.  
For leaf turgor loss point, the best fitted model was OU model with different optimal states in C3 
and C4 lineages (comparison to the OU model with the same optimal state: p=0.0140, ΔAICc<-3; 
Table A2.6, A2.7). However, we could not reject the hypothesis of same optimal state for leaf 
elasticity in C3 and C4 lineages (p=0.509; Table A2.6, A2.7).  
To see if C4 subtypes or clusters varied in their root states and evolutionary trends, we also 
considered phylogenetic models where we allowed each variable to have a subtype- or cluster-
specific value.  Our analysis showed that root states and evolutionary trends were not 
significantly different among subtypes and clusters. The best-fitted models for Kleaf, leaf 
capacitance and gs with different evolutionary trends and root states for C4 subtypes did not fit 
significantly better than the model only considered C3 and C4 (all p>0.05, all ΔAICc>0; Tables 
A2.8-A2.10). Likewise, the best-fitted cluster model which considered different evolutionary 
trends and root states for C4 clusters, were not significantly better than the model with no cluster-
level differences (p<0.05 in LRT, but ΔAICc>0; Table A2.13-A2.15) in Kleaf, leaf capacitance 
and gs. Similarly, for leaf turgor loss point and leaf elasticity, the model in which different 
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subtypes and clusters had different optima did not fit better than the model in which C4 had the 
same optimum (all p>0 and ΔAICc>0; Tables A2.11 and A2.12).  
 
Trait correlation between Amax and hydraulic traits 
We next explored how the maximum assimilation rate (Amax) and hydraulic traits are correlated 
across the phylogeny, and whether this relationship is different for C3 and C4 lineages. The 
correlations between Amax and Kleaf/ leaf capacitance were different between C3 and C4 (Table 2.4, 
Table A2.18, A2.19). Amax was positively correlated with Kleaf for both C3 and C4, but with a 
higher correlation in C3 species. Amax was negatively correlated with leaf capacitance in C3 
species, but was positively related with leaf capacitance in C4 species. Amax was positively 
correlated with gs and was negatively correlated with leaf turgor loss point and the correlations 
were similar for C3 and C4 (Table A2.20, A2.21). There was no significant correlation between 
Amax and leaf elasticity for C3 and C4 (Table A2.22). 
 
Modeling results 
Our mathematical model shows that changing Kleaf has a smaller effect on the photosynthesis rate 
of C4 than that of C3 (Fig. 2.2, Table A2.23), consistent with the phylogenetic correlations 
described above.  Decreasing Kleaf by half or doubling it changes the photosynthesis rate of a C4 
plant by an average of -4.27% and 3.48%, respectively. On the other hand, the same perturbations 
to Kleaf has average effects of -10.07% and 9.14% on the assimilation rate of a C3 plant. The 
sensitivity of the assimilation rate to changes to Kleaf decreases with increasing CO2 concentration 
and increasing water-limitation for both C3 and C4 plants (Table A2.23). These differences in 
sensitivity to Kleaf were robust to differences in physiological properties between C3 and C4 
(specifically, the temperature response properties and Jmax/Vcmax ratio; Table A2.23). The 
assimilation rate of C4 plants was still less sensitive to Kleaf than that of C3 species under different 
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CO2 concentration and water-limited conditions (Table A2.23), although the maximal effect 
under different temperature is equivalent to C3 species (Fig. A2.4). 
 
We also used our model to consider how the evolution of higher Kleaf would affect the optimal gs. 
We found that an increase of Kleaf in the C3 ancestor selects for higher gs (Fig. 2.3, A2.5) and 
increases the steady-state leaf water potential to a limited extent (Fig. 2.3, A2.5). 
 
Discussion 
Our results demonstrate that evolution of the C4 pathway in the grasses caused a variety shifts in 
hydraulic properties as compared to closely-related C3 grasses, and allow us to speculate as to 
how these shifts occurred at different points along the evolutionary trajectory of C4. Previous 
examination of leaf hydraulic traits in grasses focused on investigating single species or ignored 
phylogenetic information when comparing multiple species (Martre et al., 2001; Holloway-
Phillips and Brodribb, 2011; Ocheltree et al., 2014; Ocheltree et al., 2016). And studies that take 
advantage of the newly-constructed grass phylogeny (Liu and Osborne, 2014; Liu et al., 2019) 
have assumed trait evolution as Brownian motion. Hydraulic traits (e.g., leaf hydraulic 
conductance (Kleaf)), however, may evolve in different ways before and after the evolution of the 
C4 pathway and associated anatomical reorganization, resulting in non-monotonic evolutionary 
dynamics. Thus, such evolutionary dynamics of Kleaf could be concealed by the assumption of a 
simple Brownian motion process. We found that C4 grasses had higher Kleaf, leaf capacitance, 
turgor loss point, and, as has been shown previously (Taylor et al., 2010), a lower stomatal 
conductance (gs) than corresponding C3 grasses.  Decreased vein distance and increased bundle 
sheath size are thought to be anatomical precursors to the evolution of C4 (Sage, 2004; Christin et 
al. 2013), and both are thought to increase Kleaf and/or leaf capacitance (Osborne and Sack, 2012; 
Griffiths et al. 2012). Therefore, the shifts of Kleaf and leaf capacitance likely occurred before, or 
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at the initial formation of, the C4 CCM. In contrast, the significant decrease of gs and the increase 
of leaf turgor loss point occurred after the evolution of a fully operational C4 CCM, as suggested 
by our model which shows increased Kleaf in C3 plants selects for increased gs. Consistent with 
this prediction, in genera that possess a range of C3, C3-C4 intermediate and C4 physiologies, the 
increased water use efficiency, decreased gs, and a broadened ecological niche are observed only 
in plants with a full C4 CCM (Lundgren et al., 2015; Sage et al. 2018). These rearrangements of 
hydraulic properties interacted with each other throughout the evolutionary trajectory. For 
example, increased Kleaf and leaf capacitance would lead to an increased water transport 
efficiency, which enabled greater gs of the C4 ancestor (either a C3 grass or a C3-C4 intermediate), 
but the formation of the full C4 CCM enables a decrease of gs. Therefore, observed gs in C4 
grasses reflects a balance of these two contrasting physiologies playing out in a given ecological 
and phenological background, which may explain why although the root state of C4 gs was higher 
than the C3 root state, the difference was not large. This line of reasoning might also explain the 
sometimes inconsistent observations of gs comparisons between C3 and C4. Most previous studies 
found that C4 grasses had lower gs than C3 grasses in both closely related and unrelated species 
(Taylor et al. 2010, Taylor et al. 2012, Ripley et al. 2013), yet Taylor et al. (2014) found that C4 
grasses maintained a higher or equivalent gs to closely-related C3 grasses (Taylor et al. 2014). 
Lastly, Liu et al. (2019) found that Kleaf in C4 perennial grasses overlapped with the C3. When 
analyzing our data using solely ANOVA, we found similar results (Fig. 2.1), however by 
analyzing our data in the context of the phylogenetic models we found clear C3/C4 differences 
illustrating that the overlap between C3 and C4 resulted from the interplay of anatomical 
precursors that increase Kleaf, and further evolutionary trends after a full C4 evolved. 
 
If the increases in Kleaf and leaf capacitance occurred prior to the evolution of C4, and the 
evolution of C4 led to lower gs and higher turgor loss point, then we would predict that the 
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selection on maintaining a high Kleaf and leaf capacitance would relax. Consistent with this 
prediction, Kleaf and leaf capacitance decreased in the C4 species that either evolved C4 first or 
evolved more rapidly after the CCM evolution, depending on how branch lengths are interpreted 
(Felsenstein, 2004). Our model provides one potential explanation for this observation, as 
changes in Kleaf had a small effect on photosynthesis in C4, regardless of how C4 photosynthesis 
model was parameterized. Alternatively, increasing Kleaf led to a large increase in C3 
photosynthesis. If one takes the potential cost of maintaining high Kleaf into consideration (Tyree 
and Sperry, 1989; Niinemets et al., 2007; McKown et al., 2010; Scoffoni et al., 2011; Wolf et al., 
2016), then there would be zero to marginal gain in maintaining high Kleaf in C4. Therefore, the 
higher vein density is very much required for C4 biochemical compartmentation, but the higher 
Kleaf that comes with higher vein density is an unsupportable cost. Additionally, each evolutionary 
origin of C4 potentially represents both different selective pressures and taxonomic constraints as 
climate and CO2 changed. C4 photosynthesis first evolved in the grasses around 30 MYA, and 
many subsequent and independent evolutionary origins occurred well into the Pleistocene (Sage, 
2004). CO2 generally decreased through this period. Water limitation drove the earliest origin of 
C4 30 MYA (Christin et al. 2008, Edwards et al. 2010, Chapter 1) and there was a more intense 
selective pressure for water transport safety, which led to higher decrease of Kleaf in older 
lineages; however, the role played by water limitation was weakened and replaced by low CO2 
and high light as the CO2 decreased with the multiple C4 origins around 5-8 MYA (Chapter 1). 
Lastly, as Kleaf as is thought to be optimized with respect to Amax, it could be that a monotonic 
walk towards optimality is slowly occurring in relatively newfound ecological niches.  
 
The evolutionary trends were relatively consistent among the C4 subtypes and for most of the 
clusters. Although different subtypes have different biochemical mechanisms to support the 
CCM, this does not seem to have affected the evolutionary direction of hydraulic traits. No matter 
	
	
44	
how the CCM was achieved through any biochemical processes, once it was achieved, the further 
effects on hydraulic properties were shared by different subtypes. In general, the clusters showed 
similar evolutionary trends for Kleaf. Liu and Osborne (2014) found the in Chloridoideae, NAD-
ME grasses had more elastic leaves and PCK grasses had lower leaf turgor loss point. However, 
such differences did not persist when we sampled C4 subtypes from multiple lineages. The 
sampling in the current paper could still be limited. In the future, it could be helpful to increase 
both lineage and species diversity to illustrate the significance of subtype further. 
 
The divergent evolution between C3 and C4 also affected the correlation between maximal 
assimilation rate (Amax) and hydraulic traits. It is widely-recognized that terrestrial C3 species 
maintain a CO2/water conservative strategy, which led to a positive correlation between water 
delivery and photosynthetic capacity of the leaf, say a positive relationship between Amax and Kleaf 
(Brodribb et al., 2005; Brodribb et al., 2007; Scoffoni et al., 2016).  However, the positive 
relationship of Amax and Kleaf is weakened under high Kleaf (>10 or 15 mmol m-2 s-1 MPa-1), 
possibly due to diminished returns of further investment into Kleaf (Brodribb et al., 2005; Brodribb 
et al., 2007). Although Kleaf tends to be lower in grasses than in other species, the evolution of C4 
provides such a significant benefit for water conservation, causing the diminishing returns from 
Kleaf to kick in at lower values. This can result in a weaker positive relationship between Amax and 
Kleaf in C4 grasses. Consistent with this hypothesis we find that Amax and Kleaf are positively 
correlated in both C3 and C4, but the correlation is lower in C4 species. An alternative hypothesis 
was proposed by Ocheltree et al. (2016), who found that no relationship between Kleaf and Amax in 
a set of 9 C4 species. Ocheltree et al. (2016) propose that this decoupling of leaf Kleaf and 
assimilation rate might be due to the evolution of tighter bundle sheath, which would increase 
photosynthesis capacity while decreasing water transport efficiency. Our results showing positive, 
albeit weaker relationship between Amax and Kleaf in C4 are consistent with either mechanism. 
	
	
45	
 
We found a negative correlation between Amax and leaf capacitance in C3. Such a negative 
correlation may indicate that leaf capacitance could be a process to avoid cavitation in sudden 
water stress, but with a cost of decreasing the optimal assimilation rate (Wolf et al., 2016), which 
showed the trade-off between efficiency and safety. However, in C4 species, the two properties 
co-varied with the formation of CCM: anatomical precursor of increased bundle sheath increases 
both Amax and leaf capacitance, which resulted in Amax and leaf capacitance to be positively 
correlated in C4. We also found a positive relationship between Amax and gs, consistent with 
previous studies, and unsurprising because stomatal conductance directly determines the 
intercellular CO2 concentration (Wong et al., 1979; Flexas et al., 2013; Gago et al., 2016). On the 
other hand, leaf turgor loss point is negatively related to Amax. Such results might result from that 
the carbohydrates of assimilation rate could be the resource to regulate the leaf turgor loss point 
(Premachandra et al., 1992; Kameli et al., 1995; Merchant et al., 2007). Thus, the higher the Amax, 
the higher the capability of the species to maintain a lower leaf turgor loss point. 
 
In conclusion, we used alternative phylogenetic models to identify the mode and direction of 
evolution of hydraulic traits in C3 and C4 lineages. Our analyses detected the effects of both 
anatomical precursors (evolutionary root states) and the subsequent selection pressures 
(evolutionary trends) in grass hydraulic systems. We found evidence that different hydraulic traits 
followed different evolutionary models: leaf conductance, capacitance, and stomatal conductance 
evolved as a Brownian motion process with a directional trend, while leaf turgor loss point and 
leaf elasticity were under stabilized selection. These results suggest that leaf conductance, 
capacitance, and stomatal conductance could be more plastic or evolve in a step-wise fashion due 
to anatomical constraints, but leaf turgor loss point and elasticity could be more constrained. This 
suggests that one may expect greater diversification of Kleaf, leaf capacitance, and gs under future 
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changing environment. Likewise, artificial selection or genetic engineering might have more 
success in adjusting these hydraulic traits compared to leaf turgor loss point and elasticity. Our 
phylogenetic analyses can thus inform both the evolutionary history of C4 plants and future 
efforts to modify C4 crops. 
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Table 2. 1 The evolutionary models used for the phylogenetic analysis for hydraulic conductance (Kleaf), 
leaf capacitance, stomatal conductance (gs), leaf turgor loss point and leaf elasticity to test evolutionary 
trends and evolutionary differences between C3 and C4 species. 
Model Evolution Fluctuation rate Root Trend 
Model 1 BM One One None 
Model 2 BM Two One None 
Model 3 BM Two Two None 
Model 4 BMT Two One One 
Model 5 BMT Two Two One 
Model 6 BMT Two Two Two 
Model 7 BMT One Two Two 
Model 8 OU One One None 
Model 9 OU One Two None 
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Table 2. 2 Phylogenetic results of the best-fitted models and their parameters for hydraulic 
conductance (Kleaf), leaf capacitance (Capacitance), stomatal conductance (gs), leaf turgor loss 
point (Turgor loss) and leaf elasticity (Elasticity) (summarizing Table A2.1- A2.5). If the values 
for C3 and C4 were different, it meant there were significant different values for C3 and C4 species 
(the evolutionary model with two different values of the trend or/and the root fit significantly 
better than the evolutionary model with the similar trend or/and root). 
  
Property Model Model type AICw 
Trend Root 
C3 C4 C3 C4 
Kleaf Model 6 BMT 0.9180 2.875 -13.223 1.156 14.295 
Capacitanc
e Model 6 BMT 0.4100 -0.056 -0.717 0.385 1.032 
gs Model 5 BMT 0.5550 -0.157 0.282 0.239 
Turgor loss Model 9 OU 0.8786 NA -1.475 -1.224 
Elasticity Model 8 OU 0.6860 NA 11.974 12.825 
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Table 2. 3 Phylogenetic results of the best-fitted models considering C3 and C4 types, subtypes 
and clusters for hydraulic conductance (Kleaf), leaf capacitance (Capacitance), stomatal 
conductance (gs), leaf turgor loss point (Turgor loss) and leaf elasticity (Elasticity) (summarizing 
Table A2.1- A2.15). 
Property C3 C4 Model SubtypeModel ClusterModel 
Model AICc Model AICc Model AICc 
Kleaf Model 6 114.28 SubtypeModel 8 123.15 ClusterModel 10 117.22 
Capacitance Model 6 -43.58 SubtypeModel 1 -35.60 ClusterModel 2 -22.73 
gs Model 5 -126.23 SubtypeModel 4 -118.98 ClusterModel 4 -114.28 
Turgor loss Model 9 -1.49 SubtypeModel 9 1.814 ClusterModel 9 8.356 
Elasticity Model 8 163.94 SubtypeModel 9 171.70 ClusterModel 9 185.83 
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Table 2. 4 Phylogenetic Correlations between maximal assimilation rates (Amax) and other 
hydraulic traits for C3 and C4 species (summarizing Table A2.18- A2.22). If there was a value for 
the correlation, instead of NA, this means there existed a correlation significantly different from 
0. If the correlations for C3 and C4 were different, it meant there were significant different 
correlations for C3 and C4 species (the correlation model with different correlations for C3 and C4 
species fits significantly better the model with the similar correlation value for C3 and C4). 
Parameter 1 Parameter 2 Evolution Type Best Model r for C3 r for C4 p value  
Amax Kleaf BMRDT CorModel 3 0.7734 0.2226 0.00637 
Amax Capacitance BMR CorModel 4 -0.3795 0.3795 0.0365 
Amax gs BMRST CorModel 2* 0.5675 0.0004 
Amax 
leaf turgor 
loss BM CorModel 1* -0.4634 0.0043 
Amax 
leaf 
elasticity BM CorModel 0 NA NA 
BM: Brownian motion with same root and no trend; BMR: Brownian motion with different roots 
and no trend; BMRST: Brownian motion with different roots and single trend; BMRDT: 
Brownian motion with different roots and different trends. *indicated models could not be able to 
tested with null model, thus, t test is used to test whether the correlation is significantly different 
from 0. 
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Fig. 2. 1 Hydraulic conductance (Kleaf), leaf capacitance, stomatal conductance (gs) and leaf turgor 
loss points of closely related C3 and C4 species. Different clusters of bars show seven different 
clusters of closely-related C3 and C4 species (Fig. A2.1). Small case letters indicate significant 
differences for the species within each cluster. 
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Fig. 2. 2 Modeling results of photosynthesis rates along with different CO2 concentration, 
different temperatures and different water limited conditionsfor C3 (black lines) and for C4 (grey 
lines). Solid lines: modeling results for C3 and C4 with the regular leaf hydraulic conductance; 
dashed lines: modeling results for C3 and C4 with twice of the regular leaf hydraulic conductance; 
dotted lines: modeling results for C3 and C4 with half of the regular leaf hydraulic conductance. 
C3 and C4 parameters are the same except for C4 has the carbon concentration mechanism. 
Upper row: CO2 of 200 ppm; middle row: CO2 of 400 ppm; lower row: CO2 of 600 ppm. Left 
column: water condition of VPD=0.625 kPa, ψs=-0.5 MPa; middle column: VPD=1.25 kPa, ψs =-
1 MPa; right column water condition of VPD=1.875 kPa, ψs=-1.5 MPa.  
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Fig. 2. 3 The effect of changing leaf hydraulic conductance (Kleaf) on stomatal resistance (the 
inverse of stomatal conductance) and leaf water potential under VPD=1.25 kPa, ψs =-1 MPa and 
CO2 concentration of 200 ppm. Solid black line: regular Kleaf; dashed black line: half regular Kleaf; 
dashed grey line: twice regular Kleaf. 
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CHAPTER 3 Optimal reorganization of the photosynthesis system after the evolution of C4 
Abstract 
The evolution of C4 photosynthesis took place over a long period and required the development 
of distinct biochemistry and anatomy. Recent theoretical, anatomical and phylogenetic studies 
made great progress in reconstructing the evolutionary processes leading to the formation of the 
carbon concentration mechanism (CCM) in grasses. However, after the formation of the full 
CCM, C4 physiology continued to diverge between C3 and C4 grasses, presumably as selection 
optimized photosynthetic function. In this study, we used optimality modeling, physiological 
measurements and phylogenetic analysis to examine how various aspects of C4 photosynthetic 
machinery were reorganized within a lineage and as compared to closely-related C3 grasses.  Both 
model and empirical results support a strong, and comparatively rapid, reorganization in resource 
allocation between the Calvin-Benson cycle and light reactions in C4, as determined by a higher 
maximal electron transport to maximal Rubisco carboxylation rate (Jmax/Vcmax). Our model, 
chlorophyll a/b ratios, and fluorescence-based electron transport measurements all suggest that 
linear electron transport represents a lower proportion (approximately 67%) of total electron 
transport in C4, and that the impetus for increased cyclic-electron transport is to balance 
ATP:NADPH stoichiometry, as opposed to decreasing O2 in the bundle sheath cells. Finally, the 
tight coordination between RuBP carboxylation and PEP carboxylation occurred coincidently 
with the evolution of the C4 CCM, with a relatively constant maximal PEP carboxylation rate and 
Vcmax (Vpmax/Vcmax). 
 
Introduction 
C4 photosynthesis pathway evolved as a response to inefficiencies of C3 photosynthesis that are 
exacerbated under certain environmental conditions (Ehleringer and Monson 1993; Ehleringer et 
al. 1997). Rubisco, the carboxylating enzyme of the Calvin-Benson (CB) cycle, not only 
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assimilates CO2, but also O2, which is the first step in the photorespiratory pathway that reduces 
C3 photosynthesis up to 30% (Ehleringer et al., 1991; Bauwe et al., 2010; Raines 2011). The C4 
pathway dramatically reduces Rubisco oxygenation, and consequently photorespiration, by 
concentrating CO2 around Rubisco. This carbon concentrating mechanism (CCM) is achieved by 
segregating atmospheric CO2 uptake by Phosphoenolpyruvate carboxylase (PEPc) and CB-cycle 
CO2 assimilation by Rubisco into two compartments within the leaf. In the mesophyll cells, 
carbonic anhydrase hydrates CO2 and then PEPc catalyzes HCO3- and PEP into C4 acids. The C4 
acids are transported to the bundle sheath cells that surround leaf veins. In the bundle sheath cells, 
C4 acids are decarboxylated to create a high CO2 environment for the Rubisco, and PEP is 
regenerated and translocated back to the mesophyll cells (Hatch & Osmond, 1976; Kellogg, 
1999). To ensure the efficiency of C4 pathway, the bundle sheath is often constructed to avoid the 
leakiness of CO2 to the mesophyll (Brown and Byrd 1993; Ubierna et al. 2013; Kromdijk et al. 
2014). The regeneration of PEP requires ATP, so the C4 CCM has an energetic cost that is not 
required by C3 photosynthesis (Hatch, 1987).  
 
The assembly of the full C4 CCM is thought to have occurred through intermediate steps of 
selective advantage (Sage, 2001, 2004, 2018; Christin & Osborne, 2014; Lundgren,2019). It is 
thought that the anatomical precursors of C4 evolution were the enlargement of the vascular 
bundle sheath and a decrease of inter-veinal distance, which formed the proto-Kranz condition 
(McKown & Dengler, 2007; Christin et al., 2013a; Griffiths et al., 2013). Then, a C2 cycle 
evolved in which photorespired CO2 is recovered and concentrated in the bundle sheath (Sage et 
al., 2012; Mallmann et al., 2014). Along with the evolution of the C2 cycle, the mesophyll to 
bundle sheath ratio was reduced further. The enzymes related to the CCM function exists in the 
C3 pathway and the citric-acid cycle, and spatially explicit expression of these enzymes led to the 
establishment of the full C4 cycle (Aubry et al., 2011; Christin et al., 2013b). However, after the 
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formation of the full CCM, C4 physiology continued to diverge between C3 and C4 species, 
presumably as selection optimized the function of the CCM within a given ecological niche 
(Christin and Osborne, 2014; Sage, 2016). Chapter 1 discussed the potential reorganization of 
hydraulic systems after C4 evolved within a grass lineage, and here we examine how various 
aspects of C4 photosynthetic machinery— nitrogen allocation between the Calvin-Benson cycle 
and the light reactions, electron transport, and the coordination of Rubisco, electron transport and 
PEP carboxylation— were reorganized within a C4 lineage and as compared to closely-related C3 
grasses. 
 
Resource allocation (mainly nitrogen) between the CB cycle and the light reactions would likely change 
between C3 and C4 due to the formation of the CCM. The CCM concentrates CO2 around the CB-cycle, 
thus allowing for less investment in nitrogen-rich Rubisco as compared to a C3 plant, but additional ATP 
from the light reactions is required to maintain the CCM (Hatch, 1987). Thus, the evolution of the full 
CCM changes the balance between nitrogen investment in the CB cycle versus the light reactions. The 
resource allocation between the CB cycle and the light reactions can be represented by the ratio of maximal 
electron transport to maximal Rubisco carboxylation rate (Jmax/Vcmax). Although Jmax/Vcmax has been 
empirically measured in numerous C3 species (Wullschleger, 1993) and optimal Jmax/Vcmax has been 
predicted for C3 (Walker et al., 2014; Kromdijk and Long, 2016; Quebbeman and Ramirez, 2016), there 
have been few measurements, and we are not aware of any optimality predictions for C4 species. For C4 
species, the assimilation rate would be mostly limited by the light reactions (Baker and Long, 1988; Pearcy 
and Ehleringer, 1984; Collatz et al., 2992) and there would be a redundancy in RuBP carboxylation if a C3-
like Jmax/Vcmax was maintained (Chapter 1). Furthermore, Chapter 1 showed that if nitrogen is reallocated 
from the CB cycle to the light reactions, which results in a higher Jmax/Vcmax, C4 assimilation rates will 
increase significantly in almost all environmental conditions. In C3 plants, Jmax/Vcmax should vary along with 
different environmental factors (temperature, CO2, light, and water availability; Onoda et al., 2005; 
Rodriguez-Calcerrada et al., 2008; Kromdijk and Long, 2016; Yin et al., 2018), and we expect the same for 
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C4. How optimal Jmax/Vcmax varies with environment would be helpful in predicting the acclimation of C3 
and C4 to different habitats and a changing climate, especially in bio-geographical, bio-geochemical and 
vegetation models (Beerling and Quick, 1995; Quebbeman and Ramirez, 2016).  
The C4 CCM requires additional ATP; how and where this ATP is produced should affect the 
efficiency of the CCM. The primary electron transport process to generate ATP and NADPH 
necessary to run the CB cycle is the O2-producing, linear electron transport through both PSI and 
PSII. There are two potential reasons that the balance of linear electron transport in C4 species 
would be altered. The first is to balance the stoichiometry of ATP and NADPH. The extra 
NADPH is not required for the CCM, and can be a harmful byproduct (Kramer and Evans, 2011; 
Yin and Struik, 2018). Second, the extra O2 produced could lessen the efficiency of the CCM by 
increasing O2 around Rubisco (Yin et al., 2011b; von Caemmerer and Furbank, 2016). Thus, 
enhanced cyclic-electron transport, which produces ATP only, has been proposed to play a 
crucial role in driving the energy requirements in the bundle sheath cells (Takabayashi et al., 
2005; Munekage, 2016; Munekage and Taniguchi, 2016; Yin and Struik, 2018). Changes in the 
balance of linear and cyclic electron transport would be accompanied with predictable variation 
in other traits. These electron-transport pathways have different association with PSI and PSII, 
and PSI has a higher concentration of chlorophyll a compared to chlorophyll b than PSII. 
Therefore, C4 species should have a higher chlorophyll a/b ratio (Takabayashi et al., 2005), if 
cyclic electron transport is elevated. Also, electron transport estimates based on fluorescence 
measures electron transport associated with PSII in C4 species. We propose the ratio of electron 
transport estimated from fluorescence (ETR) to Jmax should be a relatively low value in C4 species 
as compared to C3 species, and establishing this will enhance the use of fluorescence as a tool to 
estimate Jmax for C4 photosynthesis. 
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The operation of CB cycle, electron transport and the CCM should be coordinated to optimize the 
efficiency of C4 photosynthesis (von Caemmerer and Furbank, 2016). The PEP carboxylation 
process and RuBP carboxylation work in tandem to capture the CO2. A separate aspect of C4 
coordination is that both RuBP regeneration and PEP regeneration use ATP from electron 
transport and provide reaction substrates for the CB cycle and PEP carboxylation, which 
provides. Such coordination among CB cycle, electron transport, and the CCM could be 
represented by the relationships among Vcmax, Jmax and maximal PEP carboxylation rate (Vpmax). 
As a relationship between Jmax and Vcmax has been discussed above, to depict a complete picture of 
the functional coordination, maximal PEP carboxylation rate to Vcmax (Vpmax/Vcmax) should be 
taken into consideration (Yin et al., 2016).  
 
Because of the importance of testing physiological differences between species within a 
phylogenetic context (Edwards et al., 2007; Cavender-Bares et al., 2009), we use phylogenetic 
comparative methods and evolutionary models to examine the reorganization of the 
photosynthetic system after the evolution of C4 across a phylogeny of C3 and C4 grasses from the 
PACMAD clade. We used both optimality modeling and physiological measurements to test the 
following hypotheses: (1) There will be a reorganization in resource allocation between the CB 
cycle and light reactions in C4; specifically, C4 will have a higher Jmax/Vcmax to maximize the 
assimilation rate. (2) The electron-transport rate to Jmax ratio (ETR/Jmax) is lower, and chlorophyll 
a/b ratios higher, in C4 species. (3) The enhanced cyclic-electron transport aims to balance the 
stoichiometry of ATP and NADPH, as well as to decrease O2 accumulation in the bundle sheath. 
(4) The coordination of RuBP carboxylation by Rubisco, electron transport and PEPc 
carboxylation of PEP result in relatively constant Vpmax/Vcmax to maximize assimilation rate. 
Lastly, a better formal understanding of how Jmax/Vcmax and Vpmax/Vcmax vary in C4 species will 
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provide important input parameters for large-scale models to predict the carbon/nitrogen cycle, 
vegetation dynamics and productivity. 
 
Materials and Methods 
Plant material 
We cultivated 33 closely-related C3 (6 species) and C4 species (27 species) and pruned the 
phylogeny from Grass Phylogeny Working Group II, (2012). C4 species belong to three C4 
subtypes and could be classified as seven closely-related Clusters. Detailed cultivation and 
phylogeny information is the same as Chapter 2. 
 
Physiological Modeling 
Optimal Jmax/Vcmax and Vpmax/Vcmax We used a previously-built model (Chapter 1), which 
incorporates the soil-plant-air water continuum into traditional C3 and C4 photosynthesis models 
and optimizes stomatal resistance and leaf/fine-root allocation to maximize total carbon gain, to 
get predictions of the further evolution and reorganization of photosynthetic systems. Using such 
a framework, we could model the optimal Jmax/Vcmax and Vpmax/Vcmax considering the following 
nitrogen stoichiometry. 
The total nitrogen is the sum of different components (Evans, 1989a):  
(#-. = (/ + (1 + (2 + (3 + (4,                                                                                               (1) 
in which NP represents the nitrogen in pigment proteins, NE represents the nitrogen for the 
electron transport system, NR represents the nitrogen of Rubisco, NS represents nitrogen in soluble 
proteins except for Rubisco, and NO represents additional organic leaf nitrogen not invested in 
photosynthetic functions. 
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In order to model the optimal Jmax/Vcmax and Vpmax/Vcmax, we need to consider the nitrogen 
stoichiometry among Jmax, Vcmax and Vpmax. We used the relationships in previous studies (Evans 
and Poorter, 2001; Niinemets and Tenhunen, 1997; Quebbeman and Ramirez, 2016): 
(/ + (1 = 0.0799:$; + 0.0331>,                                                                                              (2) 
(3 = ?9:$;,                                                                                                                                   (3) 
(2 = @A:$;/(6.25×@A-×H),                                                                                                         (4) 
(/1/ = @J:$;/(6.72×@J-×H),                                                                                                     (5) 
> is the concentration of chlorophyll per unit area (µmol Chl m-2), 0.079 is in mmol N s (µmol)-1, 
and 0.0331 is in mmol N (µmol Chl)-1, ? ≈ 0.3 (mmol N s (µ mol)-1. Vcr is the specific activity of 
Rubisco (the maximum rate of RuBP carboxylation per unit Rubisco; ≈ 20.5 µmol CO2 (g 
Rubisco)-1s-1) and 6.25 is grams RuBisCO per gram nitrogen in RuBisCO. Vpr is the specific 
activity of PEPc, that is, the maximum rate of RuBP carboxylation per unit PEPc (≈ 181.7 µmol 
CO2 (g PEPC)
-1s-1), 6.72 is grams PEPc per gram nitrogen in PEPC (calculated from the amino 
acids composition of Fujita et al., 1984), and H is the mass in grams of one millimole of nitrogen 
equal to 0.014 gN (mmol N)-1. 
Further, we simplify the equation (2) by assuming there is a coordination of resource allocation 
between chlorophyll and electron transport for saturated light intensity, which determines the 
Jmax. We make this assumption for the light saturated condition and use the empirical equation of 
Croft et al. (2017) to equation (2) 
> = KLLLMNOPQ.RS /η,                                                                                                                                               (6) 
where η is the average molar mass for chlorophyll (900 g/mol). Thus, 
(#-. − (4 = 0.0799:$; + 0.0331> + 	?9:$; +
VWNOP
X.QY×VWZ×[
+ @J:$;/(6.72×@J-×H),               (7) 
When the light intensity varies, the following function is used to adjust the electron transport rate 
(Ögren and Evans, 1993): 
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9 = \]^MNOP_ (\]^MNOP)
]_R`\]MNOP
Q` .                                                                                                  (8) 
Also, all the photosynthetic parameters are temperature-sensitive (Chapter 1). 
In the optimal modeling processes for C4 pathway, we set Norg- NO as constant of 129 mmol N m-2 
(which yield a Vcmax= 39 µmol m-2 s-1, Jmax= 195 µmol m-2 s-1and Vpmax= 78 µmol m-2 s-1, if we 
assumed the Jmax/Vcmax=5 and Vpmax/Vcmax=2) and model the assimilation rates with different 
Jmax/Vcmax from 1 to 8 of 0.01 interval by maintaining Vpmax/Vcmax=2, which is the empirical 
measurements results in our study. Then, we model the assimilation rates with different 
Vpmax/Vcmax from 0.5 to 6 of 0.01 interval under Jmax/Vcmax=5, which is also the empirical 
measurements results. The corresponding Jmax/Vcmax or Jmax/Vcmax under the highest assimilation 
rates represent the optimal ratios. Using the model described above, we were able to model the 
optimal Jmax/Vcmax and Vpmax/Vcmax under different environmental gradients: CO2 of 200, 300, 400, 
500 and 600 ppm; VPD and ψS of (0 MPa, 0.15) (0.625, -0.5), (1.25, -1), (1.875, -1.5), and (2.5, -
2); light intensity of 2000, 1600, 1200, 800 and 400 µmolm-2s-1; temperature of 15, 20, 25, 30 and 
35 oC. Since there is uncertainty for relationships, we performed sensitivity analysis for the total 
nitrogen (from 100% to 50% with 10% interval of the regular nitrogen) for optimal Jmax/Vcmax and 
Vpmax/Vcmax results and we also performed sensitivity analysis for stoichiometry of PEPC by 
varying the 1/(6.72×Vpr ×	H) term in Eq. 5 from 50% to 800%. For the C3 pathway, all the 
modeling process are similar with the C4 and a same value of Norg- NO is used, except that a 
simplified version of equation (7) is used as below (Quebbeman and Ramirez, 2016): 
(#-. − (4 = 0.0799:$; + 0.0331> + 	?9:$; +
VWNOP
X.QY×VWZ×[
,                                                       (9) 
 
Effects of decreasing Vcmax. Using the model, we also simulated the effect of decreasing Vcmax on 
the assimilation rate of C4 pathway. In this modeling process, we hold Jmax and other 
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photosynthetic parameters constant as the initial modeling condition as above, but varying the 
Vcmax to 100%, 90%, 80%, 70%, 60% and 50% of the original values of C3. 
  
Effects of O2 evolution in bundle sheath. We used the C4 photosynthesis model to model the 
effects of different proportion of O2 evolution (indicated by α) in bundle sheath on assimilation 
rate (von Caemmerer, 2000; Yin et al., 2011b). The modeling conditions are α=0, 0.15, 0.5 and 1. 
A detailed description of the model could be found Chapter 4. 
 
Gas exchange and fluorescence measurements 
We measured A/Ci curves for all the species by setting the CO2 concentrations as 400, 200, 50, 
75, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 500, 600, 700, 800, 1000, 1200, 
1400 ppm under light intensity of 2000 µmolm-2s-1. Data were recorded when the intercellular 
CO2 concentration equilibrated 2-5 minutes. Fluorescence was measured along with A/Ci curves 
using a 2 cm2 fluorescence chamber head. After the change of CO2 concentration, the quantum 
yield was measured by multiphase flash when A reached a steady state (Bellasio et al. 2014). The 
leaf temperatures were controlled at 25oC, VPD varied at 1-1.7kPa and the flow rate of 500 µmol 
s-1 for all the measurements. The cuvette was covered by Fun-Tak to avoid the leakiness. The 
A/Ci curves were used to estimate Vcmax, Jmax, and Vpmax using Chapter 4. Fluorescence results 
were used to calculate the ETR (Genty et al., 1989). 
 
Chlorophyll measurements 
Chlorophyll a and b were measured using the spectrophotometer method (Porra et al., 1989). We 
cut the fresh leaves of species into pieces of 0.5 mm long (total leaf area was measured) and 
submerged the fragments into DMF. After all the Chlorophyll was extracted and the leave turned 
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white, the supernatant was used to measure the absorption under 663.8 nm and 646 nm. 
Calculations of Chlorophyll a and b concentrations were calculated using the equation of Porra et 
al. (1989). 
 
Phylogenetic analysis 
We fitted each of the photosynthetic parameters (Vcmax, Jmax, Jmax/Vcmax, Total Chl, ETR/Jmax, Chl 
a/b, ETR, Vpmax and Vpmax/Vcmax) to ten different evolutionary models falling into three types of 
Brownian Motion model without a directional trend, Brownian Motion Model with trend and 
Ornstein-Uhlenbeck Model using the R package of “mvMORPH”. The small-sample-size 
corrected version of Akaike information criterion (AICc, the lower AICc, the better fit) and 
Akaike weights (AICw, the higher AICw, the better fit) were used as criteria to figure out the 
best-fitted model. Furthermore, we used SubtypeModels and ClusterModel to test whether there 
are significant differences among C4 subtypes or clusters. The detailed description of the 
evolutionary models and phylogenetic analysis can be found in Chapter 2. 
 
Results 
The modeling results of the optimal Jmax/Vcmax and empirical measurements for Jmax/Vcmax are 
significantly higher for the C4 species than those for the C3 species (Fig. 3.1). The experimental 
measurements were relatively consistent with the modeling results, although measured values 
were a little bit lower than modeled values in C3 species. C4 species always have significantly 
higher Jmax/Vcmax than their closely-related C3 species (Fig. 3.2a); furthermore, phylogenetic 
analysis shows the Jmax/Vcmax follows the Brownian Motion model with a higher root state for C4 
species and a lower root state for C3 (Table 3.1). The evolutionary models differentiating 
subtypes and clusters did not fit significantly better than models only considering C3 and C4 
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photosynthesis types for Jmax/Vcmax (Table A3.1, A3.10, A3.19 and A3.28), which means there 
were no differences of Jmax/Vcmax among different subtypes and clusters. 
 
We looked further into how such a higher Jmax/Vcmax in C4 species is reached by comparing other 
empirical measurements. We found that although in some C4 species Jmax is higher, most C4 
species did not have significantly higher Jmax than their closely-related C3 species (Fig. 3.2c), and 
measurements of total chlorophyll content were also similar (Fig. 3.2d). However, Vcmax is 
significantly lower in all C4 species than in the closely-related C3 species (Fig. 3.2b). The 
advanced phylogenetic analysis further confirmed the results with no significant different root 
state for Jmax (Table 3.1). In order to look at the potential effects of decreasing Vcmax on 
assimilation rate, we held the Jmax as constant and changed the Vcmax from 100% to 50% of the 
original C3 parameter values in the C3 and C4 models. A decrease in Vcmax will significantly 
decrease the assimilation rates of C3 species from 10 oC to 35oC, while decreasing Vcmax has little 
effects on the assimilation rates of C4 species (Fig. 3.3). Vcmax, Jmax, and chlorophyll also did not 
show significant differences among subtypes and clusters (Table A3.2-A3.4, A3.11-A3.13, 
A3.20-A3.22 and A3.29-A3.31). 
 
We also modeled the optimal Jmax/Vcmax along environmental gradients (Fig. 3.4, Fig. A3.1). The 
optimal Jmax/Vcmax increases linearly in both C3 and C4 species along with the increase of CO2 
concentration, but to a larger extent in C3 species (Fig. 3.4a). The optimal Jmax/Vcmax decreases 
similarly in both C3 and C4 species along with increasing water limitation (Fig. 3.4a). The optimal 
Jmax/Vcmax increases similarly in C3 and C4 species with the decreasing light intensity and increases 
similarly with the increasing temperature (Fig. 3.4b). The changes of Jmax/Vcmax with water 
limitation, light intensity, and temperature are non-linear, with the rate-of-change increasing 
	
	
65	
greatly after a certain threshold (water limitation of ψS=-1, VPD=1.25, the light intensity of 800 
µmol m-2 s-1 and temperature of 30 oC). 
 
ETR calculated from fluorescence measurements occupies a significantly higher ratio of Jmax in 
C3 species than that in their closely related C4 species, with averages of 107% and 67.5% for C3 
and C4 respectively (Fig. 3.5a). Phylogenetic analysis indicated the root state of ETR itself is 
higher in C3 species (Table 3.1). Chlorophyll a/b is significantly higher in C4 species than C3 
species, which is confirmed by both comparing closely-related C4 and C3 species within clusters 
(Fig 3.5c) and phylogenetic analysis (Table 3.1). No difference among subtypes and among 
clusters was detected (Table A3.5- A3.7, A3.14- A3.16, A3.23- A3.25, A3.32- A3.34). We also 
modeled the effects of O2 accumulation on the C4 assimilation rate, and there was very little 
change in assimilation when α ranged from 0 to 1 (Fig. 3.6). The value α indicates a change in 
the proportion of O2 evolution in the bundle sheath where α =1 represents all O2 evolution 
emanating from electron transport occurring in the bundle sheath and α =0 represent zero O2 
accumulation.  
 
The empirical measurements and phylogenetic analysis indicate Vpmax/Vcmax are under the 
stabilized selection for a steady state of 2.01 and a range from 1.53 to 2.47, although there is a 
great variation of Vpmax (Fig. 3.7, Table 3.1). Again, no evidence shows there are differences 
among subtypes and clusters (Table A3.8- A3.9, A3.17- A3.18, A3.26- A3.27 and A3.35-36). 
The empirical values are higher than the optimal modeling result of Vpmax/Vcmax under 400 ppm, 
but similar to optimal modeling Vpmax/Vcmax under a CO2 concentration of 200-300 ppm (Fig. 3.8). 
If we looked at the effects of Vpmax/Vcmax on the assimilation rate, the assimilation rate increase 
significantly with the increase of Vpmax/Vcmax from 0.5 to 1, but only decrease a little bit with a 
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further increase of Vpmax/Vcmax (Fig. 3.8). We also modeled the Vpmax/Vcmax under different 
environmental conditions. Vpmax/Vcmax decreases along with the increase of the CO2 concentration, 
especially when CO2 decrease from 200 ppm to 300 ppm, but the change is little when CO2 is 
above 400 ppm (Fig. A3.2a). Vpmax/Vcmax increases along with the increase of water limitation 
condition and relatively decrease with the rise in temperature (Fig. A3.2a, b). The optimal 
Vpmax/Vcmax decreases with the change of light intensity (Fig. A3.2b). 
 
Since there is a great variation of total nitrogen content in the plants and there is uncertainty in the 
stoichiometry of PEPC, we performed sensitivity analysis for the optimal modeling of Jmax/Vcmax 
and Vpmax/Vcmax. For C3 photosynthesis, the Jmax/Vcmax increase a little bit with the decrease of total 
nitrogen (7.73% increase of Jmax/Vcmax when the nitrogen decreases to 50%), while for C4, the 
Jmax/Vcmax decreases with the decrease of total nitrogen (20.34% increase of Jmax/Vcmax when then 
nitrogen decreases to 50%) (Fig. A3.3a). The optimal Vpmax/Vcmax decreases a little bit with the 
decrease of the total nitrogen (15.3% increase of Vpmax/Vcmax when the nitrogen decreases to 50%) 
(Fig. A3.3a). The optimal Jmax/Vcmax is relatively constant with the change of stoichiometry of 
PEPC from 50% to 200%, but increases as the stoichiometry change from 200% to 800% (Fig. 
A3.3b). Also, the optimal Vpmax/Vcmax is relatively constant with the variation of the 1/(6.72×Vpr 
×	H) term. 
 
As a preliminary analysis for the raw data, we conducted ANOVA tests within each phylogenetic 
cluster, which indicated C4 had higher Jmax/Vcmax and Chl a/b, than their corresponding C3 in 
different clusters (Fig. 3.2, 3.5, 3.7), while C4 had the lower Vcmax, ETR/J and had equivalent Jmax. 
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Discussion 
The agreement between our empirical measurements and theoretical predictions showed an 
intimate coupling of operation and resource allocation between the CB cycle and the light 
reactions, thus providing insight into the evolution of C4 photosynthesis from C3 photosynthesis. 
There were several photosynthetic trait shifts that likely occurred soon after the evolution of C4 
from C3. The C3 to C4 divergence of Jmax/Vcmax was the largest of these shifts, and served to 
maximize the C3 and C4 photosynthesis rates respectively. Empirical measurements of Jmax/Vcmax 
from previous studies reported greater variation and a range from 2 to 6 for C4 species (Massad et 
al., 2007; Ye et al., 2013; Ge et al., 2014; Bellasio et al. 2016), although the average across these 
studies is close to our measurement of 5.1. The variation may result from the uncertainty of 
previous estimation methods for C4 photosynthesis, uncertainties that we have assuaged with our 
work. Previous modeling results assumed a high Jmax/Vcmax for C4, while considering similar 
nitrogen content in C3 and C4 (Vico and Porporato, 2008; Osborn and Sack, 2012). Our model 
values and our measurements confirm this assumption, while also providing the first theoretical 
optimal Jmax/Vcmax for C4 species.  
  
A reorganization of Jmax/Vcmax could be a crucial evolutionary step for C4 after the CCM evolved, 
and it is important to look at how it may have occurred. Chapter 1 proposed that if nitrogen is 
reallocated from the CB cycle (e.g., Rubsico) to the light reactions (an increase in Jmax, and a 
decrease in Vcmax), the assimilation rate of C4 would significantly increase because the extra ATP 
costs could be satisfied, and within the CCM Rubisco operates more efficiently. Thus less of the 
enzyme is required. All C4 grasses have a lower Vcmax than the closely-related C3 in the current 
study, which suggests C4 photosynthesis does allow for less investment of nitrogen in Rubisco. 
Similar results were either proposed or found by Brown (1978), Ku et al. (1979), Sage et al. 
(1987) and Sharwood et al. (2016b). Tissue et al. (1995) and Ghannoum et al. (2010) detected 
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lower Rubisco content and higher chlorophyll and thylakoid content, supporting reallocation 
within the leaf. Any surplus nitrogen could be distributed among three broad categories: 1) 
reallocated to the light reactions or 2) stored or used to construct new organs or 3) simply not 
taken up, thus reducing plant nitrogen requirements. Our empirical measurements supported all 
options, with options 2 and 3, between which we could not differentiate, the most common 
outcome. Two of our species, Danthoniopsis dinteri and Panicum milicea, had a significantly 
higher Jmax than closely-related C3 which is suggestive of nitrogen reallocation from the CB cycle 
to the light reactions. Most of our C4 grasses, however, had a Jmax that was similar to closely 
related C3, while maintaining a lower Vcmax. Our modeling results show that decreasing Vcmax by 
50% has little effect on the assimilation rate. While we cannot differentiate between options 2 and 
3, it is worth considering the potential ecological and evolutionary ramifications. Firstly, in a 
nitrogen-depleted habitat, C4 could have a competitive advantage as confirmed by Riley et al. 
(2008), however Sage and Pearcy (1987) found no evidence for this. In habitats where nitrogen is 
not limiting, the excess nitrogen could be used to construct more leaf area (Sage and Pearcy, 
1987; Anten et al., 1995; Riley et al., 2008), and greater leaf area in the early stages of growth 
was indeed seen by Atkinson et al. (2016). On the other hand, the lack of nitrogen reallocation 
from the CB cycle to the light reactions may indicate physiological constraints in fertile habitat. 
For example, photorespiration in C3 plants is proposed to enhance the nitrate metabolism (Oaks, 
1994; Rachmilevitch et al., 2004; Bauwe et al., 2010; Bloom, 2015), therefore the formation of 
CCM, which inhibits photorespiration, may reduce overall plant-available nitrogen for C4 species.  
 
The extra ATP required to run the C4 CCM is generated primarily by cyclic electron transport, 
and this likely evolved to balance ATP:NADPH stoichiometry, as opposed to minimizing O2 
production. Aside from cyclic electron transport, all mechanisms that provide extra ATP are 
associated with the O2-producing PSII (Kramer and Evans, 2011), and would not lead to a 
	
	
69	
significant increase of chl a/b as found here and in other studies (Ku et al., 1991). Our model 
results show that a wide-range of O2 concentration in the bundle sheath has minimal impact on 
photosynthetic rate, and therefore indicate that decreasing O2 evolution is not the driving force 
behind increasing cyclic electron transport. Rather, our results support the alternative hypothesis 
cyclic electron transport balances the stoichiometry of NADPH and ATP demand (Nakamura et 
al., 2013; Ishikawa et al., 2016; Munekage and Taniguchi, 2016). The ETR/Jmax indicated a 
relatively consistent proportion of PSII fluorescence to total electron transport across all C4 
species, which did not significantly different among C4 subtypes. The reason could be that 
although the stoichiometry of NADPH and ATP is different between mesophyll cells and bundle 
sheath cells in NADP-ME and NAD-ME subtypes, the total stoichiometry is the same (Hatch et 
al., 1987; Kanai and Edwards, 1999; Takabayashi et al., 2005; Yin et al., 2018).  
 
In C3 species, the fluorescence-based ETR is widely used as an approximation of Jmax (Baker et 
al. 2007; Sage and Kubien, 2007; Yin et al., 2009); however, the estimation method has not 
previously been suitable to C4 pathway because the fluorescence-based ETR does not account for 
the contribution of cyclic-electron transport to Jmax. Because we found a relatively constant 
ETR/Jmax for all C4 species, we can assume a constant proportion of electron cycling and thus, we 
can now expand approaches that use combined gas exchange and fluorescence to estimate the Jmax 
as well as other C4 photosynthetic parameters. Yin et al. (2011b) use an assumed value of 60% 
for ETR/Jmax, which assumed that all electron transport for PEP regeneration was not from linear 
electron transport, which is a little lower than our value of 67.5%. The theoretical modeling 
analysis of Yin and Struik (2012) and Yin and Struik (2018) predicted cyclic electron transport 
could account for 45% or 50% of total Jmax.  
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The tight coordination between RuBP carboxylation and PEP carboxylation likely occurred early 
in the evolution of the C4 of CCM, leading to a relatively constant Vpmax/Vcmax. There were few 
Vpmax/Vcmax values reported in previous studies, but our results are comparable with existing ones. 
Yin et al. (2011b) and Yin et al., (2016) reported estimation results of 2.43 and 2.5 respectively 
for Vpmax/Vcmax. Estimates from biochemical measurements of Pengelly et al. (2010) and Kubien et 
al. (2003) were 2.1-2.5 and 3.1 respectively. Our empirical Vpmax/Vcmax is in line with the optimal 
modeling results under 200-300 ppm, as opposed to CO2 concentrations closer to current growth 
conditions. All extant C4 species have gone through a low CO2 bottleneck over the last 5 million 
years. It is possible that this bottleneck represented strong selection to increase the Vpmax/Vcmax to 
maintain a high assimilation rate. As CO2 has risen, Vpmax/Vcmax has exceeded the optimal 
Vpmax/Vcmax, but the effects of a high Vpmax/Vcmax on assimilation rate at elevated CO2 were 
minimal.  
 
Our improved estimates of Jmax/Vcmax and Vpmax/Vcmax can aid predictions of net primary 
productivity by large-scale models. Jmax/Vcmax is an important input parameter in biogeochemical 
cycle, biodiversity or productivity models (e.g., Biome-BGC, Community Land Model) (Beerling 
and Quick, 1995; Zaehle et al., 2005; Bonan et al., 2011; Walker et al., 2014), however, there is 
no reliable parameter reported for C4 species. We provided a reliable value of around 5 using both 
optimality modeling and empirical measurements. Through the current optimality modeling 
framework, we were also able to predict the variation of Jmax/Vcmax under different environmental 
conditions. Such variation could be defined as environmental plasticity or acclimation. Thus, the 
Jmax/Vcmax can be adjusted further to global climate change based on the modeling results. 
Previous modeling (Sage, 1990; Hikosaka and Terashima, 1995) and experimental studies 
(Evans, 1989b; Pons and Pearcy, 1994; Tissue, 1999; Onoda et al., 2005) indicated higher 
allocation to the light reactions (namely, higher Jmax/Vcmax) under shade, elevated CO2 and higher 
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temperature for C3 species, which is consistent with our predictions. However, some species did 
not show acclimations along with environmental change (Herrick and Thomas, 2001; Kubiske et 
al., 2002). Thus, further analysis of acclimation and genetic constraints should be performed in 
the future. C3 and C4 species could respond differently to environmental variation (Ward et al., 
1999; Wand et al., 1999; Ripley et al., 2013), and our modeling suggests that the acclimation to 
CO2 in C4 species may be of a lesser extent than C3 species (Sage and McKown, 2005. 
Additionally, Vpmax/Vcmax may be a legacy of ancient environmental conditions, and its plasticity 
may be lower, but this requires further examination. 
 
In this study, we looked at the divergence of photosynthetic properties between C3 and C4 species 
after the evolution of the C4 CCM. Unlike the divergence and reorganization of hydraulic traits, 
which followed a trended evolutionary model (Chapter 2), the photosynthetic properties follow a 
stabilized selection. Such observations may indicate that photosynthetic properties were under 
much stronger selection pressures or evolved step by step along with the CCM, and once the 
CCM formed, photosynthetic properties quickly reach stable states, whereas hydraulic properties 
responded after the formation the CCM and the selective pressure was lower. 
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Table 3. 1 Phylogenetic results of the best-fitted models and their parameters for photosynthesis 
parameters (summarizing Table A3.1- A3.9). If the values for C3 and C4 were different, it meant 
there were significant different values for C3 and C4 species (the evolutionary model with two 
different values of the trend or/and the root fit significantly better than the evolutionary model 
with the similar trend or/and root). 
Property Model Model type AICw 
Trend Root 
C3 C4 C3 C4 
Jmax/Vcmax Model 3 BMM 0.6178 NA 1.572 5.173 
Vcmax Model 3 BMM 0.5780 NA 67.71 24.00 
Jmax Model 1 BMM 0.2686 NA 115.70 
Total Chl Model 8 OU 0.4951 NA 0.3529 
ETR/J Model 9 OU 0.9850 NA 1.0689 0.6750 
Chl a/b Model 7 BMT 0.5990 0.2200 -2.438 3.4256 6.1327 
ETR Model 3 BMM 0.2529 NA 113.13 84.82 
Vpmax Model 8 OU 0.6570 NA 47.69 
Vpmax/Vcmax Model 8 OU 0.9648 NA 2.0123 
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Fig. 3. 1 Empirical measurements (a) and optimal modeling results (b) of Jmax/Vcmax for C3 and C4 
species under ψS=-0.5, VPD=0.625, temperature of 25 oC and light intensity of 2000 µmol m-2 s-1. 
In (b), the black line represents C3 and grey line represent C4. 
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Fig. 3. 2 Bar plot for the photosynthetic parameters of Jmax/Vcmax, Vcmax, Jmax and total Chl between 
closely related C3 and C4 species.The different clusters of bars show seven different clusters of 
closely-related C3 and C4 species (Fig. A2.1; dark grey: C4 species, light grey: C3-C4 intermediate 
species, white: C3 species). abc indicated whether there are significant differences for the species 
within each cluster. Error bars indicate standard errors. 
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Fig. 3. 3 Modeling results of changing Vcmax on assimilation rates for C3 (acd) and for C4 (bdf) 
under different CO2.Solid black line: the initial modeling condition of Vcmax (a typical C3 value of 
69 µmol m-2 s-1, Table A1.2); dashed black line: 90% of the initial Vcmax; dotted black line: 80% of 
the initial Vcmax; solid grey line: 70% of the initial Vcmax; dashed grey line: 60% of the initial Vcmax; 
dotted grey line: 50% of the initial Vcmax.C3 and C4 parameters shared similar parameters except 
for the carbon concentration mechanism and different hydraulic conductance to mimic the initial 
origin of C4 (see Table A1.2 for other parameters). 
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Fig. 3. 4 Modeling results of optimal Jmax/Vcmax for C3 (solid lines) and C4 (dashed lines) under 
different environmental conditions. (a) Black line: different CO2; grey line: different water 
limitation conditions (1: saturated water; 2: ψS=-0.5, VPD=0.625; 3: ψS=-1, VPD=1.25; 4: ψS=-
1.5, VPD=1.875; 5: ψS=-2, VPD=2.5). (b) Black line: different light intensities; grey line: 
different temperature. C3 and C4 parameters shared similar parameters except for the carbon 
concentration mechanism and different hydraulic conductance to mimic the initial origin of C4. 
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Fig. 3. 5 Bar plot for the photosynthetic parameters of ETR/Jmax, Chl a/b and ETR between 
closely related C3 and C4 species. Each cluster indicates the most closely related C3 and C4 
species (Fig. A2.1; dark grey: C4 species, light grey: C3-C4 intermediate species, white: C3 
species). abc indicated whether there are significant differences for the species within each 
cluster.Error bars indicate standard errors.  
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Fig. 3. 6 Modeling results to show the effect of O2 evolution on the assimilation rate of C4 
pathway. Other input parameters see Table A1.2. The value α indicates a change in the 
proportion of O2 evolution in the bundle sheath where α =1 represents all O2 evolution emanating 
from electron transport occurring in the bundle sheath and α =0 represent zero O2 accumulation. 
Solid black line: α=0; dashed black line: α=0.3; dotted black line: α=0.6; solid grey line: α=0.9; 
dashed grey line: α=1. 
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Fig. 3. 7 Bar plot for the photosynthetic parameters of Vpmax and Vpmax/Vcmax for C4 species.Each 
cluster indicates the most closely related C4 species (Fig. A2.1; dark grey: C4 species, light grey: 
C3-C4 intermediate species, white: C3 species). abc indicated whether there are significant 
differences for the species within each cluster. Error bars indicate standard errors. 
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Fig. 3. 8 Modeling results of assimilation rate with varying Vpmax/Vcmax under different CO2 
concentration and ψS=-1, VPD=1.25, temperature of 25 oC and light intensity of 2000 µmol m-2 s-
1. Other input parameters see Table A1.2. 
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CHAPTER 4 Estimating C4 photosynthesis parameters by fitting intensive A/Ci 
(Work published in 2019 in Photosynthesis Research, pp1-14) 
Abstract 
Measurements of photosynthetic assimilation rate as a function of intercellular CO2 (A/Ci curves) 
are widely used to estimate photosynthetic parameters for C3 species, yet few parameters have 
been reported for C4 plants, because of a lack of estimation methods. Here, we extend the 
framework of widely-used estimation methods for C3 plants to build estimation tools by 
exclusively fitting intensive A/Ci curves (6-8 more sampling points) for C4 using three versions of 
photosynthesis models with different assumptions about carbonic anhydrase processes and ATP 
distribution. We use simulation-analysis, out-of-sample tests, existing in vitro measurements and 
chlorophyll-fluorescence-measurements to validate the new estimation methods. Of the five/six 
photosynthetic parameters obtained, sensitivity analyses show that maximal-Rubisco-
carboxylation-rate, electron-transport-rate, maximal-PEP-carboxylation-rate and carbonic-
anhydrase were robust to variation in the input parameters, while day-respiration and mesophyll-
conductance varied. Our method provides a way to estimate carbonic anhydrase activity, a new 
parameter, from A/Ci curves, yet also shows that models that do not explicitly consider carbonic 
anhydrase yield approximate results.  The two photosynthesis models, differing in whether ATP 
could freely transport between RuBP and PEP regeneration processes yielded consistent results 
under high light, but they may diverge under low light intensities. Modeling results show 
selection for Rubisco of low specificity and high catalytic rate, low leakage of bundle sheath and 
high PEPC affinity, which may further increase C4 efficiency. 
 
Introduction 
Key photosynthetic parameters allow for the assessment of how biochemical and biophysical 
components of photosynthesis affect net carbon assimilation in response to environmental 
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changes, phenotypic/genotypic differences, genetic modification and the evolution of 
photosynthesis pathway. The changes in net assimilation (An) that occur along with the changes 
of intercellular CO2 concentration (Ci) —or A/Ci curves— are widely used to estimate 
photosynthetic parameters for C3 species. In particular, the method by Sharkey et al. (2007), 
based on the C3 photosynthesis model of Farquhar et al. (1980; FvCB model), has been one of the 
most widely used tools since it is based exclusively on A/Ci curves, which are easy to measure in 
both lab and field conditions. 
 
Fewer estimates of photosynthetic parameters have been reported for C4 species, as there has 
been a lack of accessible C4 estimation methods. C4 photosynthesis enables the concentration of 
CO2 around Rubisco, thus reducing photorespiration. The concentration mechanism requires the 
carbonic anhydrase and PEP carboxylation/regeneration processes to operate. Furthermore, the 
enzymes which decarboxylate C4 acids in the PEP regeneration differ and result in three different 
C4 subtypes. The tight bundle sheath wall, which prevents CO2 from diffusing out from the 
bundle sheath, also limits the diffusion of gaseous CO2 into and O2 out of the photosynthesis spot. 
To model such a concentration mechanism requires accounting for distinct biochemistry and 
morphology, which leads to increased complexity in estimating parameters for C4 photosynthesis. 
Despite this, several recent studies used A/Ci curves to estimate photosynthesis parameters based 
on the C4 photosynthesis model of von Caemmerer (2000) (Ubierna et al. 2013; Bellasio et al. 
2015). These studies use partial A/Ci curves; measuring assimilation rates for only a few CO2 
concentrations coupled with ancillary measurements of chlorophyll fluorescence and/or 2% O2. 
While these estimation methods lead to estimates of photosynthetic parameters, the additional 
measurements they require make estimation more cumbersome for field work or large-scale 
sampling. Theoretically, it is possible to estimate photosynthetic parameters by exclusively fitting 
A/Ci curves to a C4 photosynthesis model. In this paper, we propose a method to estimate C4 
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photosynthesis parameters using only A/Ci curves. 
 
There are several potential problems with A/Ci –based estimation methods for C3 plants that carry 
over to existing C4 methods (Gu et al. 2010); it is therefore important to develop a C4 estimation 
method with improvements to solve the general problems and drawbacks outlined below. First, 
the structure of the FvCB model makes it easy to be over-parameterized. Second, a general 
shortcoming for the estimation methods is that they require an artificial assignment of the RuBP 
regeneration and Rubisco carboxylation limitation states to parts of the A/Ci curves (Xu and 
Baldocchi 2003; Ethier et al. 2006; Ubierna et al. 2013; Bellasio et al. 2015), which has turned 
out to be problematic (Type I methods) (Gu et al. 2010). These methods assume constant 
transition points of limitation states for different species. Furthermore, Type I methods tend to 
minimize separate cost functions of different limitation states instead of minimizing a joint cost 
function. Some recent estimation methods for C3 species ameliorate these problems by allowing 
the limitation states to vary at each iterative step of minimizing the cost function (Type II 
methods; Dubois et al. 2007; Miao et al. 2009; Yin et al. 2009; Gu et al. 2010). However, for 
these type II methods, additional degrees of freedom in these “auto-identifying” strategies can 
lead to over-parameterization if limitation states are allowed to change freely for all data points. 
Gu et al. (2010) also pointed out that existing Type I and Type II methods fail to check for 
inadmissible fits, which happen when estimated parameters lead to an inconsistent identification 
of limitation states from the formerly assigned limitation states. More specifically to C4, the 
recently developed C4 estimation methods artificially assign limitation states for A/Ci curves 
(Ubierna et al. 2013; Bellasio et al. 2015) and also did not check for inadmissible fits. 
 
Here, we present a method to estimate photosynthetic parameters for C4 species based solely on 
fitting intensive A/Ci curves to a C4 photosynthesis model (von Caemmerer 2000).  Using 
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intensive A/Ci curves (with 6-8 more sampling points than the commonly used for C3 species) for 
C4 plants is important for two reasons: First, at low Ci, the slope of A/Ci is very steep and the 
assimilation rate saturates quickly. Second, C4 species have more photosynthetic parameters as 
the carbon concentrating mechanism adds complexity. A further complication arises due to the 
fact that carbonic anhydrase catalyzes the first reaction step for C4 photosynthesis (Jenkins et al. 
1989). It has been commonly assumed to not limit CO2 uptake in estimation methods and C4 
models (von Caemmerer 2000; Yin et al. 2011b). Recent studies, however, showed evidence of 
potential limitation by carbonic anhydrase (von Caemmerer et al. 2004; Studer et al. 2014; Boyd 
et al. 2015; Ubierna et al. 2017). 
 
To address these issues we first build an estimation method using two different fitting procedures 
of Sharkey et al. (2007) and Yin et al. (2011b) without considering carbonic anhydrase activity. 
Then, we add carbonic anhydrase limitation into the estimation method. This allows us to also use 
our method to examine how the carbonic-anhydrase-limitation assumption impacts parameter 
estimation, and whether the modeling of C4 photosynthesis can be simplified by omitting it. All 
together, our method estimates five to six photosynthesis parameters: (1) maximum carboxylation 
rate allowed by ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Vcmax), (2) rate of 
photosynthetic electron transport (J), (3) day respiration (Rd), (4) maximal PEP carboxylation rate 
(Vpmax), (5) mesophyll conductance (gm), and optionally (6) the rate constant for carbonic 
anhydrase hydration activity (kCA). Our approach eliminates common problems occurring in the 
previous C3 and C4 estimation methods in the following ways. First, we avoid over-
parameterization, maximizing joint cost function, freely determining transition points instead of 
assigning in advance, and checking for inadmissible fits. Second, since both RuBP regeneration 
and PEP regeneration need ATP (Hatch 1987), we also examine two different assumptions about 
ATP distribution between RuBP regeneration and PEP regeneration in C4 photosynthesis models. 
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Third, we validate the estimation methods in four independent ways, using: (i) simulation tests 
using A/Ci curves generated using our model with known parameters and adding random errors, 
(ii) out of sample test, (iii) existing in vitro measurements and (iv) Chlorophyll fluorescence 
measurements. Finally, we use the C4 photosynthesis model to perform sensitivity analyses and 
simulation analyses for important physiological input parameters. 
Materials and Methods 
C4 Mechanism  
The CO2 concentrating mechanism of C4 pathway increases CO2 in the bundle sheath cells to 
eliminate photorespiration. Like the C3 pathway, the diffusion of CO2 starts from the ambient 
atmosphere through stomata into intercellular spaces, and then into the mesophyll cells. In the 
mesophyll cells, the first step is the hydration of CO2 into HCO3- by carbonic anhydrase. PEPC, 
then, catalyzes HCO3- and PEP into C4 acids and the C4 acids are transported to the bundle sheath 
cells. In the bundle sheath cell, C4 acids are decarboxylated to create a high CO2 environment for 
the C3 photosynthetic cycle, and PEP is regenerated. All the modeling equations and mechanistic 
processes used for our estimation method are from von Caemmerer (2000), Hatch and Burnell 
(1990), Boyd et al. (2015) and Ubierna et al. (2017) (Appendix A4.1). 
 
Given the two limitation states of C4 cycle (PEP carboxylation (Vpc) and PEP Regeneration (Vpr)), 
and two limitation states of C3 cycle (RuBP carboxylation (Ac) and RuBP Regeneration (Aj)) in 
the C4 photosynthesis model, there are four combinations of limitation states (as Yin et al. 2011b, 
Fig. 4.1): RuBP carboxylation and PEP carboxylation limited assimilation (RcPc), RuBP 
carboxylation and PEP regeneration limited assimilation (RcPr), RuBP regeneration and PEP 
carboxylation limited assimilation (RrPc) and RuBP regeneration and PEP regeneration limited 
assimilation (RrPr) (Table 4.1). Since the C4 cycle operates before the C3 cycle and provides 
substrates for the C3 cycle, the determination process of An is as follows:  
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If	 @cd < @cf , !d = hiji, !k = 	hlji, otherwise	!d = hijl, !k = 	hljl                        (1) 
!u = min(!d, !k),                                                                                                                  (2)                                                                                                                                                             
which we used for our estimation method. 
Plant Material  
We performed intensive A/Ci curves on nine different C4 species to develop and examine the 
efficacy of our estimation tools in the greenhouse of University of Pennsylvania (elevation of 13 
m): Zea mays L., Eragrostis trichodes (Nutt.) Alph. Wood, Andropogon virginicus L., 
Schizachyrium scoparium (Michx.) Nash, Panicum virgatum L., Panicum amarum Elliott, Setaria 
faberi Herrm., Sorghastrum nutans (L.) Nash andTripsacum dactyloides (L.) L. The intensive 
A/Ci curves contain more sample points under more CO2 concentrations than the default curve 
used for C3 species. Here we set the CO2 concentrations as 400, 200, 50, 75, 100, 125, 150, 175, 
200, 225, 250, 275, 300, 325, 350, 400, 500, 600, 700, 800, 1000, 1200, 1400 ppm under light 
intensity of 1500 µmolm-2s-1 (light intensity encountered by the plants in greenhouse). At each 
point, data were recorded when the intercellular CO2 concentration equilibrated within 2-5 
minutes. The datasets were obtained using a standard 2 x 3 cm2 leaf chamber with a red/blue LED 
light source of LI-6400 (LI-COR Inc., Lincoln, NE, USA). If the stomatal conductance of a 
species does not decrease quickly at high CO2, then more points can be obtained by increasing the 
CO2 level. Fluorescence was measured along with A/Ci curves for seven C4 species (CO2 
concentration is similar with above). After each change of CO2 concentration and A reached 
steady state, the quantum yield was measured by multiphase flash using a 2 cm2 fluorescence 
chamber head (Bellasio et al. 2014). All the measurements were conducted at a leaf temperature 
of 25oC and VPD was controlled at 1-1.7kPa with the flow rate of 500 µmol s-1. The cuvette was 
covered by Fun-Tak to avoid and correct for the leakiness (Chi et al. 2013). 
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Estimation Protocol  
We implemented the estimation methods using the non-linear curve-fitting routine in MS Excel 
(Excel-A4.1, 4.2, 4.3) and independently in R (“C4Estimation”) to get solutions that minimize the 
squared difference between observed and predicted assimilation rates (A). Five (or six when 
considering carbonic anhydrase) parameters will be estimated by fitting the A/Ci curve: Vcmax, J, 
Rd, Vpmax, gm, and kCA. Other input parameters for C4 are in Table A4.1.  
 
Input data sets and preliminary calculations. The input data sets are the leaf temperature during 
measurements, atmosphere pressure, two CO2 bounds (CaL and CaH discussed in the following 
section), and the assimilation rates (A) and the Cis (in ppm) in the A/Ci curve. Also, reasonable 
initial values of output parameters need to be given in the output section to initiate the non-linear 
curve fitting (Excel-A4.4). Ci will be adjusted from the unit of ppm to the unit of Pa inside the 
program as suggested by Sharkey et al. (2007).  
 
Estimating limitation states. We set upper and lower limits to the value of Ci between which the 
assimilation rates are freely determined by limitation states. We further avoid over-
parameterization by pre-assigning limitation states at the lower and upper ends of the Ci range. 
Specifically, we assume that under very low Ci (CaL), CO2 is the limiting substrate; thus, Vp is 
limited by Vpc and A is given by Ac (RcPc); under very high Ci (CaH) electron transport is 
limiting, thus, Vp is limited by Vpr and A is given by Aj (RrPr) (Fig. 4.1). The points between CaL 
to CaH are freely determined by RcPc, RcPr, RrPc or RrPr from eq. (16) and (17) to minimize the 
cost function. We recommend setting CaL as 10 Pa initially, then adjusting based on the 
preliminary results. The points of constant A at high Ci end can initially be set as being limited by 
RrPr primarily (based on the three points, we can CaH) or use 65 Pa as the first trial. The range of 
freely determined points can be adjusted by users by setting appropriate CaL and CaH. In the 
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column of “Estimate Limitation”, whether the data points are limited by RcPc (represented by 
”1”), RrPr (represented by ”4”) or freely vary (represented by ”0”), all the assignments of “1”, 
“4” and “0” are determined automatically by the given values of CaL and CaH. One can input “-
1” to disregard a data pair. Users can adjust limitation states according to how many points and 
the range of Ci they have in their A/Ci curves.  
 
We assume different processes in the C4 photosynthesis are coordinated with each other and co-
limit the assimilation rate (Sharkey et al. 2007; Yin et al. 2011b; Ubierna et al. 2013; Bellasio et 
al. 2015). Thus, the estimation parameters allow the limitation states to be compactly clustered 
with each other (Fig. 4.1). However, if there were only a few points under CaL, the estimation 
results will depend heavily on the given initial values and unbalanced results would be more 
likely. Fig. A4.1 shows an example of unbalanced estimation results by deleting some points 
under 10 Pa or setting a very low CaL: in the estimation results, An is limited by RcPc at very low 
Ci and is mostly limited by Aj (shown by RrPc and RrPr) in the C3 cycle. In this case, Ac (shown 
by RcPc and RcPr) has a clear redundancy at higher Ci. Unbalanced results happened when there 
are not enough constraints points under CaL or above CaH. Such results explain why intensive 
A/Ci curves are preferred, especially more measuring points under the lower end and higher end 
of Ci. However, existing A/Ci data with 14 points might be used in the current estimation method 
if there are at least four points below CaL and three points above CaH. 
Estimation algorithm and fitting procedures. The objective of our estimation methods is to 
minimize the following joint cost function (eq. 3 and 4) by varying the above five or six output 
parameters (Vcmax, J, Rd, Vpmax, gm, and kCA):  
 ' = 	 (!x)xyK − !:x)Q,                                                                                                         (3) 
!x = [{' |x ≤ 	|~ , hiji; {'	 |x ≥ |~Ç , hljl; {É	 |~ ≤ |x ≤ |~Ç ,min(!Ax , !Ñx)](4)  
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n is the total number of observations, Aci is determined by RcPc and RcPr and Aji is determined by 
RrPc and RrPr from eq. (1), Ami is the observed net assimilation rate.  
In this calculation, we take Michaelis-Menten constant of Rubisco activity for CO2 (Kc), 
Michaelis-Menten constant of Rubisco activity for O2 (Ko), the specificity of Rubisco (γ*), 
Michaelis-Menten constants of PEP carboxylation for CO2 or HCO3- (Kp), the fraction of O2 
evolution occurring in the bundle sheath (α) and bundle sheath conductance (gbs) as given (input 
parameters), similar to Sharkey et al. (2007). We conduct further sensitivity analyses in the 
following section to determine the effects of variability of these inputs parameters on the 
estimation results.  
 
We used two fitting procedures in the current study: one was from Sharkey et al. (2007), which is 
an implicit minimization of error (Excel-A4.1, A4.3), and the other one was based on the explicit 
calculations given by Yin et al. (2011b) (Excel-A4.2). For the method of Sharkey et al. (2007), 
”estimated” An was calculated using the above equations and observed An values. We call them 
”estimated”, because when we calculate An, observed An is used to calculate intermediate 
parameters, for example, the CO2 concentration in mesophyll cells (Cm), the CO2 concentration in 
bundle sheath (Cbs), which we then use to calculate Ac and Aj. The objective function is to 
minimize the sum of square errors between ”estimated” An and observed An (Simulation Error in 
Excel-A4.1, A4.3). For the model without carbonic anhydrase, Yin et al. (2011b) gave explicit 
solutions for RcPc, RcPr, RrPc, and RrPr). “Explicit” here means the assimilation rates are totally 
calculated by the estimated parameters without calculating the intermediates with observed An. 
These calculations give us the real estimation error of our fitting procedure for models without 
carbonic anhydrase and thus provide a validation for the goodness of fit (“True Error” in Excel-
A4.1-A4.3). 
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Checking inadmissible fits. We made it possible to check the inadmissible fits for limitation 
states in our estimation method. After the estimation process finishes, the limitation states based 
on the estimated parameters are calculated in the last column. If the calculated limitation states 
are inconsistent with the assigned ones in the estimation method, one needs to readjust the 
assignment of the “Estimate Limitation” (adjust CaL or CaH) and rerun the estimation method, 
until they are consistent with each other. 
Results 
Estimation results and assumptions  
Estimation methods based on assumptions with and without carbonic anhydrase yield similar 
results (Excel-A4.4). In Excel-A4.3, carbonic anhydrase indeed shows limitation to Vpc, which 
confirms its potential role as a limiting step in the C4 cycle. However, Vpc calculated from CO2 are 
only a little higher than Vpc calculated from HCO3-, which resulted in the similar estimation 
results. In addition, the estimation errors and true errors from Yin’s equations are quite small 
(average<1), and also similar between models with and without carbonic anhydrase. 
  
Estimation methods based on the two equations of different assumptions about electron transport 
between RuBP regeneration and PEP regeneration yield consistent parameter estimates and 
assimilation- CO2 response curves (Fig. 4.2), but there were minor differences. The second 
assumption that ATP, resulting from electron transport, is freely allocated between PEP 
carboxylation-regeneration and RuBP regeneration leads to a bump at low CO2 when estimating 
RcPr. The two assumptions produce different RcPr under low CO2; but this is largely 
inconsequential because, under low CO2, assimilation is usually limited by RcPc. 
Sensitivity analysis  
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The parameters Kc, Ko, γ*, Kp, α, and gbs can vary among species in nature (Cousins et al. 2010, 
Galmés et al. 2016) and it is therefore important to know how sensitive our results are to variation 
in these parameters. We conducted a sensitivity analysis for variation in these parameters on the 
estimated Vcmax, J, Rd, Vpmax, gm and kCA (Fig. 4.3). This analysis shows all the estimated 
parameters are robust under the variation of α (Fig. 4.3A) and showed little variation responding 
to the change of γ* (Fig. 4.3E) and Ko (Fig. 4.3C); however, the estimated parameters are 
sensitive to other input parameters to different extents (Fig. 4.3B, D, F). We calculate the average 
percentage change of estimated parameters along with the 50 % decrease and 100 % increase of 
the input parameters. Vcmax showed sensitivity for Kc and gbs with the average percentage change 
of 23.11 and 17.69 % respectively but was relatively robust for Kp (7.54%). J is robust in the 
variations of Kc, and gbs (the average change is less than 2%) and with a medium 6.96 % change 
for Kp. kCA is robust in the variations of Kc, Kp, and gbs (average change less than 5%). Vpmax is 
sensitive for Kp with the average change of 27.34%, moderately sensitive to the decrease and 
increase of gbs with 4.01 % and 13.38% change respectively and is robust for Kc. Rd is sensitive to 
Kc, Kp,  and gbs with the average change of 6.73, 43.88 and 13.38%. gm is strongly sensitive to Kc, 
Kp, and gbs with the average percentage changes of 22.95, 107.04 and 23.19 %. These results 
suggest that Vcmax, J, Vpmax, and kCA estimated using our method are relatively robust. 
Physiological significance for assimilation rate of the input parameters 
In addition to the sensitivity analysis, we performed a simulation analysis to illustrate the 
physiological importance of input parameters further, and to indicate further the importance of 
physiological properties in maintaining the efficiency of C4 photosynthesis pathway. We chose 
the estimation parameter set of T. dactyloides as an example, held photosynthetic parameters 
constant Vcmax (28 µmol m-2 s-1), J (134 µmol m-2 s-1), Rd (0.78 µmol m-2 s-1), gm (30.00 µmol m-2 
s-1 Pa-1) and Vpmax (41.91 µmol m-2 s-1), while changing the values of α, γ*, gbs, and Kp (as half or 
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twice of the original parameters) to see their effects on the assimilation rate, Cbs and the O2 
concentration in bundle sheath (Obs) (Fig. 4.4, Table 4.2). Using photosynthetic parameter sets of 
other species to perform the simulation analysis yielded similar results (data not shown). The 
change of α did not lead to changes in assimilation rate (Fig. 4.4A) and led to small changes in 
Obs  (Table 4.2). The decrease of γ* to half of the current value led to a small change of Cbs and 
assimilation rate (less than 0.5 µmol m-2 s-1) while doubling γ* led to a larger, but still not 
significant, change (less than 1 µmol m-2 s-1) (Fig. 4.4B, Table 4.2). Importantly, the changes of 
assimilation rates were less than 0.3 µmol m-2 s-1 when Ci was less than 20 Pa, which is the 
regular range of Ci under current ambient CO2. However, the change of gbs significantly changed 
the assimilation rate and Cbs (Fig. 4.4C, Table 4.2). The change of Kp significantly affected the 
assimilation rate and Cbs to a large degree under low Ci (Fig. 4.4D, Table 4.2). 
Validating the estimation methods  
In order to test our estimation methods, we first conducted a simulation test with manipulated 
error terms. We use the estimated results of the nine species as known parameters (the known 
values in Fig. 4.5) to generate new datasets using the C4 photosynthesis equations based the first 
assumption of electron transport and adding error terms to the assimilation rates. The error terms 
were randomly drawn from a normal distribution of mean zero and standard deviation of 0.1 or 
0.2 in an effort to simulate the inevitable random errors in the real measurements. Estimating 
simulated data sets gave us an idea about how likely we can capture the real parameters of the 
species given unavoidable errors in measurements. The results show that robust estimation results 
for Vcmax, J, Vpmax, and Rd can be obtained (Fig. 4.5A, B, C, D). However, some estimation results 
of gm and kCA show some deviation from the real values (Fig. 4.5E, F). 
  
	
	
93	
To test whether our estimation method could give accurate predictions across typical prediction 
scenarios, (CO2 ranging from 20 Pa to 60 Pa), we performed out of sample tests for our nine 
target species. To perform these tests, we removed five points of CO2 concentrations between 20 
and 60 Pa range out of the A/Ci curves and used the rest of the A/Ci curves to estimate parameters. 
And then we used these parameters to predict the assimilation rate under the CO2 concentrations 
we took out before and calculated the estimation errors. In general, the estimation errors for all 
our species were small (Table 4.3). 
We tried to compare our estimation methods with in vitro measurements or other estimation 
methods using isotopic analysis, especially for Zea. Our estimation results for Zea obtained 
similar Vcmax with the in vitro estimated Rubisco activity of Pinto et al. (2014) (33 µmol m-2 s-1); 
however, the estimated value for Vpmax is a little lower than the in vitro PEPC activity 
measurement (83 µmol m-2 s-1) with a difference of around 20 µmol m-2 s-1. This discrepancy 
could be related to the aqueous environmental differences in vitro versus in vivo. For species of 
the Panicum family with NAD-ME subtype, P. virgatum and P. amarum in the current study and 
P. coloratum in Pinto et al. (2014), the estimated Vcmax and Vpmax are quite consistent with the in 
vitro measurements (Vcmax of 33 µmol m-2 s-1 and Vpmax of 42 µmol m-2 s-1). Ubierna et al. (2017) 
reported the gm for Zea ranged from 1.69 ± 0.17 to 8.19 ± 0.80 µmol m-2 s-1 Pa-1 using 18O and in 
vitro Vpmax. Our estimation method fitted a  gm for Zea of 7.34 µmol m-2 s-1 Pa-1, which falls into 
the range of their measurements. Barbour et al. (2016) reported a higher mesophyll conductance 
of 17.8 µmol m-2 s-1 Pa-1 for Zea using 18O measurements.  
 
Validating transition point range  
We used chlorophyll fluorescence measurements from seven C4 species to test whether the upper 
and lower boundary CO2 concentrations, CaL and CaH, are reasonable (Table 4.4). The apparent 
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quantum efficiency of PSII electron transport was calculated with ΔF/Fm′ = (Fm′ − Fs ) Fm′ 
(Genty, Briantais and Baker 1989). Fluorescence analysis (Baker et al. 2007) is a powerful tool 
for identifying the limitation states of C3 species (Sharkey et al. 2007). If Chlorophyll 
fluorescence is increasing with increasing CO2, An is limited by Rubisco carboxylation rate; when 
Chlorophyll fluorescence stays constant with increasing CO2, An is limited by RuBP regeneration. 
For C4 species, however, the situation is more complicated. Since Vp could be limited by Vpr and 
Vpc (eq. (9)). Part of the RuBP carboxylation limited condition and RuBP regeneration limited 
condition for the C3 cycle will mix together, leading to a linear increase of fluorescence with 
increasing of CO2, but of a small slope (Fig. A4.2). Thus, we can only obtain two boundaries of 
CO2 concentrations. Below the lower boundary, A and fluorescence increases with increasing Ci 
with a steep slope and A is RuBP carboxylation and PEP carboxylation limited (RcPc); above the 
higher boundary, A and fluorescence is relatively constant along with the increase of Ci and A is 
RuBP regeneration and PEP regeneration limited (RrPr). We measured fluorescence to test 
whether the upper and lower boundary CO2 concentrations, CaL and CaH, are reasonable. It 
seems all the CaL are above 14 Pa and all the CaH are below 65 Pa (Table 4.4). These results 
suggest that 10Pa-65Pa is a reasonable range for the transitional point. 
Discussion 
The photosynthetic parameters from the estimation method are good indicators for the 
biochemical and biophysical mechanisms underlying the photosynthesis processes of plants. 
Together with photosynthesis models, they can provide powerful information for evolutionary 
and ecological questions in both physiological and ecosystem response to natural environmental 
variation and climate change, to illustrate evolutionary trajectory of C4 pathway, as well as in 
efforts to improve crop productivity (Osborne and Beerling 2006; Osborne and Sack 2012; 
Heckmann et al. 2013). Photosynthetic parameters represent different physiological traits, and 
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comparison of these parameters within a phylogenetic background could help us to understand 
the further divergence of lineages and species through evolutionary time. Additionally, the 
response of productivity and carbon cycle of vegetation towards the future climate change 
depends heavily on photosynthesis parameter estimation as input parameters.  
 
Each of the two different fitting procedures has advantages and disadvantages. Yin’s method 
(Excel-A4.2) uses the explicit calculation of assimilation rate and consequently gives lower 
estimation error. However, it needs a more accurate assignment of limitation states, especially at 
the lower end. Thus, Yin’s method will be preferable if one has additional support (e.g. 
fluorescence measurements) to define the limitation states; otherwise, the Yin’s method may give 
unbalanced results (Fig. 4.3). However, Sharkey’s method (Excel-A4.1) usually can avoid 
unbalanced results even without ancillary measurements. Thus, it is better to use both procedures 
to support each other to find more accurate results. For example, one can first use Sharkey’s 
method to get estimation results and limitation states, and then use them as initial values for Yin’s 
method. 
  
Our estimation methods yielded similar results when using models with and without carbonic 
anhydrase reaction processes. Although carbonic anhydrase activity may well be a limiting step 
for C4 cycle (von Caemmerer et al. 2004; Studer et al. 2014; Boyd et al. 2015; Ubierna et al. 
2017), its limitation did not greatly affect assimilation rates in this study. Including the carbonic 
anhydrase reaction makes the model more complex and difficult to get an explicit solution; 
therefore, the model without carbonic anhydrase could be used as a simplified form yielding 
flawed but ‘nearly correct’ predicted values as a part of larger models. However, carbonic 
anhydrase limitation of C4 photosynthesis needs the further assessment from physiological or 
biochemical perspectives, and our estimation method provides another way to derive carbonic 
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anhydrase parameters, which were comparable with in vitro measurements (Boyd et al. 2015). It 
is possible if a machine with better low CO2 control (e.g., Licor 6800) is used, carbonic anhydrase 
may become more limiting at extremely low CO2 concentrations. In addition, our results for 
models with and without carbonic anhydrase activity support the proposition of Cousins et al. 
(2007) that carbonic anhydrase activity may not be a limiting factor for A/Ci curves of C4 plants. 
  
Our results show that despite a clear difference between the assumptions of how the products of 
electron transport are distributed, the results were similar and comparable with studies using 
different models under measurements of high light intensity. The bump in the second model 
happens in RrPc. In RrPc, assimilation is limited by RuBP regeneration and PEP carboxylation; 
therefore, PEP regeneration is not reaching Vpr, and the extra electron transport in PEP 
regeneration could be freely assigned to RuBP regeneration. This effect will weaken as PEP 
carboxylation increases. However, under lower photosynthetic photon flux density, assimilation 
rate will be limited more by electron transport, and the separate assumptions concerning electron 
transport may start to show divergent results. Such divergence of predictions under low or high 
light could provide a way to test assumptions about electron transport further in the future. Such a 
test should be done for multiple species as different species may follow different assumptions. 
  
It is worth highlighting other assumptions that upon which our estimation methods rely. First, our 
estimation methods share with previous methods an underlying assumption that dark and light 
reactions optimally co-limit the assimilation rate (Sharkey et al. 2007, Yin et al. 2011b, Ubierna 
et al. 2013, Bellasio et al. 2015). This requires that there is some kind of optimization of nitrogen 
allocation of RuBP carboxylation and RuBP regeneration. The optimality assumption is intuitive 
as there should be some mechanism to balance the resource distribution between dark and light 
reactions to avoid inefficiency. Nonetheless, it is possible that there is redundancy in nitrogen 
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allocation in one reaction, which can cause the photosynthesis rate to be always limited by the 
dark or light reactions. Second, we did not differentiate between C4 subtypes in our model as we 
assumed electron transport is limited by ATP production and there is a similar ATP cost for 
different C4 subtypes (Hatch 1987). Such an assumption can be relaxed further to build exclusive 
estimation methods for different subtypes by considering mechanistic details. Third, we assumed 
the parameters, Kc, Ko, γ*, Kp, α and gbs to be the same for different species. To get more accurate 
estimation results, one can use species-specific parameters obtaining from other measurements. 
 
Researchers need to pay additional attention to interpret the estimated parameters.  For the 
electron transport, J, our methods do not assume saturated light intensity. Instead, J is defined as 
maximal electron transport for the specific light intensity under which the A/Ci curve is obtained. 
Using our estimation methods, one can estimate “realized” J at different light intensities (e.g., a 
light intensity encountered by plants in natural habitat, but light intensity should not be very low 
because A/Ci curve may not be reliable). To estimate maximal electron transport rate for saturated 
light (Jmax), one can obtain the A/Ci curve under saturated light condition, where the “realized” J 
would be equal to the Jmax. A similar statement also applies to the estimation of Vcmax. It is 
possible that low light intensity may not maximize the Rubisco activation state. Thus, in such 
conditions, the estimation methods would estimate “realized Vcmax” under a specific light 
intensity, instead of the real Vcmax. Such interpretations for estimated parameters also pertain to 
the previous estimation methods. Similar with other C4 estimation methods (Yin et al. 2011b, 
Ubierna et al. 2013, Bellasio et al. 2015), we did not estimate the triose phosphate utilization 
(TPU). TPU has been found to limit assimilation rate when the A/Ci curve reaches a plateau and 
show a little decrease in C3 (Sharkey et al. 2007). Since we did not detect a decrease in our 
measurements and it is not clear how TPU affects C4 assimilation, we did not take it into 
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consideration. However, TPU does deserve further consideration in future studies. 
 
The photosynthetic parameters from the estimation method used together with photosynthesis 
models can provide information and inspiration about the evolutionary and physiological 
importance of different aspects of the C4 syndrome (Osborne and Sack 2012; Heckmann et al. 
2013), which can be investigated by empirical measurements. Several examples emanate from 
our simulation analysis: (1) α represents the fraction of O2 evolution from photosynthesis 
occurring in the bundle sheath cells (eq. (4)) and any α > 0 means that O2 will accumulate in the 
bundle sheath cells, due to low gbs Both the sensitivity analysis and the simulation analysis 
showed the change of α did not affect the estimated parameters and assimilation rates, because 
the high Cbs created by C4 carbon concentrating mechanism overcame any increase of Obs and did 
not lead to high photorespiration. Thus, the compartmentation of O2 evolution may not have 
played an important role in the evolution of C4 photosynthesis. (2) A lower Rubisco specificity 
factor (γ*;eq. (11)) means lower specificity for O2, higher specificity for CO2, and lower 
photorespiration. In C3 species, selection for Rubisco with lower specificity to O2 and high 
specificity of CO2 can increase the carbon gain. However, there is a trade-off between the 
specificity of Rubisco for CO2 and its catalytic rate (Savir et al. 2010; Studer et al. 2014). Based 
on this trade-off, we can hypothesize that since C4 elevates CO2 around Rubisco relative to the O2 
concentration, maintaining low specificity might be optimal, in order to get high catalytic rate of 
the enzyme to reach higher assimilation rate as shown by the empirical measurements of Sage 
(2002) and Savir et al. (2010). Our simulation analysis showed the increase of specificity for CO2 
(decrease of γ*) did not increase the assimilation rate much, which indicates the selection upon 
Rubisco specificity in C4 plants should be relaxed. (3) gbs represents CO2 leakage from bundle 
sheath to the mesophyll cell, and changes in gbs significantly change the assimilation rate and Cbs. 
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Therefore, avoiding CO2 leakage was of great importance for the evolution and efficiency of C4 
photosynthesis pathway (Brown and Byrd 1993; Ubierna et al. 2013; Kromdijk et al. 2014). 
  
Although we have shown that parameter estimation can be achieved solely with A/Ci curves, it is 
easy to combine our methods with ancillary measurements to yield more accurate estimation 
results by defining the parameters as estimated or known or add additional constraints (Appendix 
A4.2). Yin et al. (2011b) proposed a method to obtain Rd from the fluorescence-light curve, since 
the method used for C3 species, the Laisk method, is inappropriate (Yin et al. 2011a). Additional 
measurement of dark respiration could be an approximation for Rd or could help to provide a 
constraint for estimating Rd in our estimating method. Ubierna et al. (2017) discussed the 
estimation method of gm using instantaneous carbon isotope discrimination. With external 
measurement results, one can change estimated parameters (such as Rd, gm and J) as input 
parameters, instead of output parameters, in this curve fitting method (Appendix A4.2). 
Additional methods, such as in vitro measurements (Boyd et al. 2015; Pedomo et al. 2015) and 
membrane inlet mass spectrometry (Cousins et al. 2010) of Vcmax, Vpmax, and carbonic anhydrase 
activity can also provide potential parameter values. Furthermore, if some output parameters are 
determined in the external measurements, one can also relax the input parameters (such as gbs) 
and make them estimated parameters (Appendix A4.2). 
Conclusion 
We have developed new, accessible estimation tools for extracting C4 photosynthesis parameters 
from intensive A/Ci curves. Our estimation method is based on an established estimation protocol 
for C3 plants and makes several improvements upon C4 photosynthesis models. External 
measurements for specific parameters will increase the reliability of estimation methods and are 
summarized independently. We developed estimation methods with and without carbonic 
anhydrase activity. The comparison of these two methods allows for an estimation of carbonic 
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anhydrase activity, and further shows that the method that did not consider carbonic anhydrase 
activity was a sufficient simplification for C4 photosynthesis. We tested two assumptions related 
to whether the electron transport is freely distributed between RuBP regeneration and PEP 
regeneration or certain proportions are confined to the two mechanisms. They show similar 
results under high light. Simulation test, out of sample test, fluorescence analysis, and sensitivity 
analysis confirmed that our methods gave robust estimation especially for Vcmax, J, and Vpmax. 
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Table 4. 1 Acronyms, detailed descriptions and applied conditions for the four limitation states of 
C4 photosynthesis process. 
Acronyms Limitation states Condition 
RcPc RuBP carboxylation and PEP carboxylation limited assimilation low Ci 
RcPr RuBP carboxylation and PEP regeneration limited assimilation intermediate Ci 
RrPc RuBP regeneration and PEP carboxylation limited assimilation intermediate Ci 
RrPr RuBP regeneration and PEP regeneration limited assimilation high Ci 
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Table 4. 2 The average change of percentage of CO2 concentration (Cbs) and O2 concentration at 
bundle sheath (Obs) compared to the reference value of α0, γ*0, gbs0 and Kp. Simulation results 
are obtained by using the original parameter set of T. dactyloides with Vcmax = 28 µmol m-2 s-1, J = 
134 µmol m-2 s-1, Rd = 0.78 µmol m-2 s-1, gm = 30.00 µmol m-2 s-1 Pa-1 and Vpmax = 41.91 µmol m-2 
s-1. The values represent average change of percentage of 21 values from 0-120 Pa of intercellular 
CO2 (Ci) (data show mean (standard error)). 
Parameters α = 0 α = 2 α0 γ* = 0.5 γ*0 γ* = 2 γ*0 
Change of Cbs (%) -0.91(0.06) 0.97(0.06) -2.96(0.28) 5.05(0.49) 
Change of Obs (%) -6.07(0.30) 6.01(0.30) 0.07(0.01) -0.21(0.02) 
Parameters gbs = 0.5 gbs0 gbs = 2 gbs0 Kp = 0.5 Kp0 Kp = 2 Kp0 
Change of Cbs (%) 56.99(3.03) -29.48(0.41) 43.12(10.75) -36.57(4.07) 
Change of Obs (%) 6.77(0.29) -3.41(0.16) 0.91(0.18) -1.18(0.14) 
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Table 4. 3 Out of sample test results. Five measured points from 20 Pa-60 Pa were taken out 
when we conducted the estimation process. Then the calculated assimilation rates under these five 
CO2 concentrations were compared with the measured ones. The data shows estimated error 
((measured value-estimated value)2) between the calculated and measured assimilation rates (data 
show mean (standard error)) 
 
  
Species A. virginicus Z. mays E. trichodes P.  virgatum P. amarum 
Without 
CA 0.069(0.036) 0.150(0.056) 0.035 (0.017) 0.193(0.063) 0.055(0.034) 
With 
CA 0.066(0.043) 0.154(0.057) 0.111 (0.058) 0.195 (0.061) 0.054(0.033) 
Species S. scoparium S. faberi S. nutans T. dactyloides 
Without 
CA 0.023(0.010) 0.114(0.055) 0.258(0.080) 0.199(0.090) 
With 
CA 0.105(0.034) 0.068(0.040) 0.263(0.133) 0.200(0.090) 
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Table 4. 4 CO2 concentration boundaries result for assimilation-limited conditions from 
fluorescence measurements for seven species.Low: CO2 concentration under which assimilation 
rate increases greatly with increasing CO2 (potentially assimilation is limited by PEP 
carboxylation and RuBP carboxylation). High: CO2 concentration above which assimilation rate 
no longer increases with increasing CO2 (potentially assimilation is limited by PEP regeneration 
and RuBP regeneration). Data show the mean (standard error) 
 
  
Species P.  virgatum P. amarum S. scoparium S. nutans 
Low(Pa) 14.1(1.12) 18.0(1.09) 17.8(1.09) 17.6(0.28) 
High(Pa) 34.1(1.78) 55.5(1.40) 53.1(1.10) 63.1(2.07) 
Species T. dactyloides T. flavus B. mutica 
Low(Pa) 13.8(0.35) 14.9(2.35) 15.8(1.13) 
High(Pa) 46.1(0.20) 41.4(1.73) 42.3(1.24) 
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Fig. 4. 1 An introduction of how our estimation methods assign transition points between 
limitation states. RcPc represents RuBP carboxylation, and PEP carboxylation limited 
assimilation rate, RrPr represents RuBP regeneration and PEP regeneration limited assimilation 
rate. Transition states indicate assimilation could be limited by RcPc, RrPr, RcPr (RuBP 
carboxylation and PEP regeneration) and RrPc (RuBP regeneration and PEP carboxylation). Our 
algorithm allows the transition states to be freely limited by the above four conditions from a 
lower bound (CaL, 10 Pa for instance) and a higher bound (CaH, 65 Pa for example), indicated 
by the dashed vertical lines in the figure. 
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Fig. 4. 2 Assimilation-CO2 response curves (A/Ci) generated using C4 photosynthesis of two 
different assumptions about electron transport. Photosynthetic parameters (Vcmax, J, Rd, Vpmax, and 
gm) are the same for both assumptions. RrPc_e-Assumption1 and RrPr_e-Assumption1 represent 
results of the assumption that no matter how much electron transport is used for PEP 
carboxylation/regeneration, a certain amount (xJ) is confined for this use. RrPc_e-Assumption2 
and RrPr_e-Assumption2 represent results of the assumption that electron transport can be freely 
distributed between PEP carboxylation/regeneration and RuBP regeneration. Parameters are 
estimated from A/Ci curve of T. dactyloides under the light intensity of 1500 µmol m-2 s-1. RcPc 
and RcPr are the same for both assumptions. 
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Fig. 4. 3 Sensitivity analysis of six estimation parameters to the variation in six input parameters 
using the model with carbonic anhydrase. Relative changes in the estimated Vcmax, J, Rd, Vpmax, gm 
and kCA in response to the relative change of six input parameters [(A) α, (B) Kp, (C) Ko, (D) Kc, 
(E) γ* and (F) gbs] from the initial values in Table A4.1. The relative change of estimated 
parameters refers to the ratio of estimated values at a changed input parameter to the estimated 
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value at the initial value of that input parameter. The symbols represent the average change of the 
nine C4 species and error bars represent standard error. 
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Fig. 4. 4 Simulation results of assimilation rate along with different intercellular CO2 
concentration (Ci) with the known photosynthetic parameters, but with the change of (A) α,  (B) 
γ*, (C) gbs and (D) Kp.  The original data set are Vcmax = 28 µmol m-2 s-1, J = 134 µmol m-2 s-1, Rd 
= 0.78 µmol m-2 s-1, gm = 30.00 µmol m-2 s-1 Pa-1 and Vpmax = 41.91 µmol m-2 s-1. The reference 
value of changing parameters at 25oC: α0(25) = 0.15, γ*0(25)  = 0.000244, gbs0(25)  = 0.0295 
and Kp(25)  = 8.55 Pa. 
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Fig. 4. 5 Simulation tests for the estimated parameters ((A) Vcmax, (B) J, (C) Vpmax, (D) Rd, (E) gm 
and (F) kCA) using estimation methods with and without carbonic anhydrase reaction (With CA 
and Without CA).Datasets are generated by adding random errors for the modeling results using 
the known photosynthesis parameters of nine species. These known photosynthesis parameters 
are the true values in the x-axis and are used to compare with the newly estimation parameters. 
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The small error refers to error term randomly chosen with mean 0 and standard deviation of 0.1 
and the bigger error refers to error term with randomly chosen mean 0 and standard deviation of 
0.2. The line in the figure shows the 1:1 line. 
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APPENDIX 
Chapter 1 
Appendix A1.1 Plant Model Structure and Construction 
The soil-plant-air water continuum relationship was incorporated in a C3 photosynthesis model 
(Farquhar et al., 1980) and a C4 photosynthesis model (von Caemmerer, 2000) to examine 
selective interactions of CO2, water availability, light and temperature on the C4 advantage.  
Farquhar photosynthesis model  
For the C3 photosynthesis pathway, we first consider the mesophyll CO2 concentration (Cm, CO2 
concentration near chloroplast in the mesophyll cells, which is denoted as Cc in some papers), 
where photosynthesis happens. Three processes will affect the concentration: CO2 diffusion from 
the ambient atmosphere to chloroplast through stomata and mesophyll cytoplasm; CO2 fixation 
by photosynthesis, which is gross assimilation (Ag); production of CO2 in respiration. Thus, we 
can have the following differential equation for the change of Cm.  
  
where Ca is atmosphere CO2 concentration, rs is stomatal resistance, rm is mesophyll resistance 
and Rd is the mitochondrial respiration rate in the daytime. Resistance (rs or rm) is the inverse of 
the conductance (gs or gm). The equation Ag - Rd is usually denoted as An (net assimilation). We 
assume the whole system is in the steady state: eq. (1) = 0. Then, we get  
  
An is modeled by the FvCB model (Farquhar et al., 1980), in which An is limited by either of two 
states. The first state is Rubisco carboxylation limited state(Ac) (eq. (3)), when there’s a saturating 
supply of substrate (RuBP) for Rubisco and reaction rate is reflected by the enzyme kinetics of 
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Rubisco. This Rubisco carboxylation limited state occurs when the CO2 concentration is low. The 
second is RuBP regeneration limited state (Aj ) (eq. (4)), when the supply of RuBP limits the 
reaction rate. This state indicates the limitation of light intensity, but also the efficiency of 
electron transport enzymes or proteins. In the FvCB model, An is computed separately from the 
two states and is assumed to be the minimum of them (eq. (5)).  
  
where Vcmax,ψl is the maximum velocity of Rubisco carboxylation (it’s a function of ψl), Jmax,ψl is 
the maximum rate of electron transport at a specific light intensity (it’s a function of ψl), and Γ* 
is CO2 compensation point of photosynthesis. Om is the O2 concentration in the mesophyll cell, 
which is assumed to equal atmospheric O2. Kc is the Michaelis-Menten constant of Rubisco for 
CO2, and Ko is the Michaelis-Menten constant of Rubisco for O2.  
For the C4 photosynthesis pathway, the enzyme PEPc first fixes CO2 into C4 compound and then, 
releases CO2 into bundle sheath cells, where photosynthesis reactions of C3 cycle occur. The 
diffusion of CO2 starts from the ambient atmosphere through stomata into intercellular spaces, 
then into the mesophyll cells, finally into the bundle sheath cells. Thus, we consider both the 
mesophyll (outside bundle sheath cells) CO2 concentration (Cm), where PEP carboxylation 
enzyme fixes CO2 into C4 compound, and bundle sheath CO2 concentration (Cbs), where 
photosynthesis of C3 cycle truly occurs for C4 species. In the mesophyll, CO2 concentration is 
determined by four processes as follows: CO2 diffusion from ambient atmosphere to mesophyll 
through stomata and mesophyll plasma membrane, the CO2 fixation by PEP carboxylation (Vp), 
bundle sheath leakage from bundle sheath cells back to mesophyll (gbs (Cbs − Cm)) and 
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mitochondrial respiration rate of daytime in mesophyll cells (Rdm). In the bundle sheath cells, CO2 
concentration is determined by Vp, bundle sheath leakage, Ag and mitochondrial respiration rate of 
daytime in mesophyll cells (Rdbs).  
  
where gbs is the bundle sheath conductance. We assume the whole system is in the steady state: 
eq. (6) and (7) = 0. Again, An denotes the Ag − Rd. The model is as follows:  
  
PEP carboxylation rate is limited by either PEPc carboxylation(Vpc)(eq. (11)), which follows a 
Michaelis-Menten type curve or PEP regeneration(Vpr)(eq. (12)) 
  
where Vpmax,ψl is maximal PEPc carboxylation rate (it is a function of ψl), Kp is the Michaelis-
Menten coefficient of CO2 for PEPc, x is the fraction of total electron transport could be used for 
the PEP regeneration, and J is the total electron transport. x here represents the cost of CCM 
compared with the C3 pathway. The denominator 3 in eq. (12) denotes regeneration of one 
molecule of PEP need two additional ATP, which requires 3 electron transport to be created 
(Hatch, 1987). We use the ATP limited condition of RuBP and PEP regeneration (eq. (4), (15) 
and (12)). Ac and Aj of C4 could be modeled as  
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which is resolved by substituting Cm in eq. (3) and eq. (4) with Cbs.One assumption we make is 
about the accumulation of O2 in the bundle sheath cells where we have the following equation for 
the change of Obs: 
  
In equilibrium, eq. (17) =0. Thus, we have the equation of Obs,  
  
where gbso is the bundle sheath conductance for O2, α (0 < α <1) denotes the fraction of O2 
evolution occurring in the bundle sheath, DO2 and DCO2 are the diffusivities for O2 and CO2 in 
water, and SO2 and SCO2 are the Henry constants such that: 
  
We assumed α=0 as previous studies did (Osborne and Sack, 2012); thus, Obs = Om = Oa. This 
assumption makes us consider Γ* as a constant because Obs is considered constant. This 
assumption leads to C4 having a greater advantage. In reality, Obs is higher than Om or Oa, because 
bundle sheath cells have a tighter cell wall that inhibits the O2 evolved by photosynthesis 
diffusing out of the cells. A higher Obs means the advantage of eliminating photorespiration 
caused by increasing Cbs will be reduced slightly. Thus, this assumption may slightly exaggerate 
the advantage.  
Based on eq. (11), (12), (14) and (15), An of C4 is limited by four states as follows:  
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Acc means An is limited by RuBP carboxylation and PEPc carboxylation, Acj means An is limited 
by RuBP carboxylation and PEP regeneration, Ajc means An is limited by PEP carboxylation and 
RuBP regeneration, and Ajj means An is limited by PEP regeneration and RuBP regeneration.  
When performing the optimality modeling, we ignored the respiration components, Rd, Rdm and 
Rdbs, under the assumption that these CO2 sources are much smaller than the assimilation rates 
(Givnish, 1986; Medlyn et al., 2011).  
Hydraulic system  
Leaf water potential (ψl) is determined by a soil-plant-air continuum equation (Givnish, 1986). ψl 
is also a function of rs and energy allocation of leaves versus the total biomass of leaves and fine 
root (f). For a specific environmental condition and equilibrium state, the rate of water loss 
through transpiration should balance the rate of root absorption; thus, we have the function as 
follows:  
 
where ψs is soil water potential, k is the effective root hydraulic conductivity, N is the total 
biomass of fine root and leaves, ρ is the leaf mass density (g m-2), and E is the transpiration rate 
per leaf area (µmol m-2 s-1). The right side of the equation is the total transpiration rate of the 
canopy and the left side is the total absorption rate through the root. E could be written as δ/rsH2O. 
δ is the water pressure deficit in atmosphere and rsH2O is stomatal resistance for water vapor, 
which equals rs/1.6. Rearranging the equation, we get the function  
 
Taking the partial differentiation of leaf water potential on rs and f, we get  
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Reduced leaf water potential inhibits photosynthesis metabolism (Tezara et al., 1999; Lawlor and 
Cornic, 2002; Tang et al., 2002), which could be considered as the mechanism of transpirational 
cost (Givnish, 1986). The cost of water loss is modeled as a Weibull-type vulnerability curve 
between leaf water potential (ψl) and photosynthetic parameters, which are maximum velocity of 
Rubisco carboxylation (Vcmax), rate of electron transport (J) or maximal PEP carboxylation rate 
(Vcmax; (Vico and Porporato, 2008)):  
  
b and d are the parameters of Weibull-type vulnerability curve.  
Optimal stomatal conductance and optimal allocation of energy between leaves and fine roots  
We assume that the behavior of rs and leaf/fine-root allocation (defined as the investment into 
leaves/the total investment in leaves and fine root, and denoted by f) optimize the total carbon 
gain, given by  
 
where An is the same in the photosynthesis model. Thus, the objective function: Max Atotal. 
Similar with (Givnish, 1986), we assume N and ρ are fixing here. Effectively, we consider the 
optimization problem faced by the plant in any given instance during its growth, where its size (of 
which N is a proxy) can be regarded as a constant. Clearly, during plant growth, the assimilate 
will be turned into plant biomass, but the instantaneous optimization problem will still yield the 
	
	
118	
optimal growth path, as it maximized the growth rate at any given time. Finally, we regard ρ as a 
species-specific trait that changes at a slower time-scale than the stomatal conductance and f. The 
first order optimality conditions for rs and f are given by (Givnish, 1986):  
 
We also checked the second order derivative to make sure the numerical solutions are maximal.  
Temperature and light dependence of parameters  
In all the parameters, Kc, Ko, gm, Vcmax, Vomax, Jmax, Vpmax, Kp and Γ*
 are temperature dependent. Kc, 
Ko, Vcmax, Vomax and Γ*
 follow the Arrhenius exponential functions  (Bernacchi et al., 2001; 
Bernacchi et al., 2003). Jmax, Vpmax and gm follow a bell-shaped model (Bernacchi et al., 2001; 
Bernacchi et al., 2003; Dreyer et al., 2001; Medlyn et al., 2002; Massad et al., 2007). Γ* follows 
the Q10 function (Vico and Porporato, 2008; Chen et al., 1994). The temperature dependence 
equations for them are as follows:  
  
Where ref(25) is the value at 25 oC, ∆Ha represents enthalpies of activation, R is the molar gas 
constant of 0.008314 kJK-1mol-1, Tk is the leaf temperature in K, ∆Hd is a term of deactivation and 
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∆S is a term of entropy, and Q10 represents a measure of the rate of change of a biological system 
as a consequence of increasing the temperature by 10 oC. The whole maximal electron transport 
of light reaction at a specific light intensity (Jmax) is a function of irradiance (I) and maximal 
electron transport capability at saturated light (JMAX). The measurements showed a saturated 
reaction type (Ögren and Evans, 1993). The most frequently used expression is  
 
This is an empirical expression, where I2 is the photosynthetically activated radiation (PAR) 
absorbed by PS II, and Θ is an empirical curvature with an average value of 0.7. I2 could be 
calculated from the total radiation. However, in our modeling, we directly set up different values 
of I2.  
Solving for numerical results  
For the RuBP carboxylation limited condition of C3, we use eq. (2), (3), (22) and (25). First, the 
variable Cc is eliminated in those equations. Then, by taking the implicit differential of rs and f to 
An and ψl, we get three equations. After that, substitute in eq. (23), (24), (29) and (30). Finally, we 
can get three equations with three unknown variables An, rs and f with given physiological 
parameters Vcmax, Kc, Ko, rm and Γ*and environmental parameters Tk, Ca, ψs, I2 and δ.  
For the RuBP regeneration limited condition of C3, we use eq. (2), (4), (22) and (26). First, the 
variable Cc is eliminated in those equations. Then, by taking the implicit differential of rs and f to 
An and ψl, we get three equations. After that, substitute in eq. (23), (24), (29) and (30). Finally, we 
can get three equations with three unknown variables An, rs and f with given physiological 
parameters Jmax, rm, Γ* and environmental parameters Tk, Ca, ψs, I2 and δ.  
For the RuBP carboxylation limited condition of C4, we use eq. (9), (10), (11), (14), (22), (25) 
and (27). First, the variables, Cm and Cbs, are eliminated in those equations. Then, by taking 
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implicit differential of rs and f to An and ψl, we get three equations. After that, substitute in eq. 
(23), (24), (29) and (30). Finally, we can get three equations with three unknown variables An, rs 
and f with given physiological parameters Vcmax, Vpmax, Kc, Ko, rm and Γ* and environmental 
parameters Tk, Ca, ψs, I2 and δ.  
For the RuBP carboxylation limited condition of C4, we use eq. (9), (10), (11), (15), (22), (26) 
and (27). First, the variables Cm and Cbs are eliminated in those equations. Then, by taking 
implicit differential of rs and f to An and ψl, we get three equations. After that, substitute in eq. 
(23), (24), (29) and (30). Finally, we can get three equations with three unknown variables An, rs 
and f with given physiological parameters Jmax, Vpmax, rm, Γ*, and environmental parameters Tk, 
Ca, ψs, I2 and δ.  
Example  
An example to get numerical results for RuBP carboxylation limited condition of C3. All the other 
conditions were derived using Mathematica (Appendix Mathematica-A1.1). From eq. (2) (A 
represents An), we can get  
 
From eq. (3), we can get  
 
, where we denote Kc (1 + O/ Ko) as K. Let eq. (41) = eq. (42), we get  
 
Because A is a function of f and rs and Vcmax,ψl is a function of ψl and ψl is a function of f and rs. 
Thus, for eq. (43), we can take implicit differential of rs and f and get  
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Substitute eq. (29), (30), (23), (22), (24) and the equation that differentiates eq. (25) by ψl for eq. 
(44) and (45). Thus, eq. (43), (44) and (45) are three equations with three unknown variables A, rs 
and f. It is difficult to arrive at analytical solutions; however, we can get numerical solutions 
using Mathematica with given Vcmax, Kc, Ko, rm, Γ*, O and environmental parameters Tk, Ca, ψs, I2 
and δ. 
 
All the derivations are in Appendix Mathematica-A1.1. The derived models are coded into 
Mathematica (Appendix Mathematica A1.1) and R (C3C4OptPhotosynthesis_0.1.0.tar.gz on 
github: https://github.com/zhouhaoran06) for solving numerical values. 
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Appendix A1.2 Paleoclimate Model 
We conducted a mid-Miocene fully coupled global climate simulations using the freely available 
National Center for Atmospheric Research (NCAR) Community Earth System Model 
(CESM1.0.5) as described in Hurrell et al. (2013) utilizing the CAM5 atmospheric component 
fully coupled with the Community Land Model (CLM4) (Lawrence et al., 2012).  The CESM1.0 
model improvements, in comparison to older generation models, are described in previous work 
for modern (Bitz et al., 2012; Neale et al., 2010) and for paleoclimate (Shields et al., 2012; 
Goldner et al., 2013). Building on an existing set of boundary conditions and simulations using an 
earlier version of the NCAR coupled model (CCSM3 and CCSM4) we implement mid-Miocene 
simulations using slightly updated boundary conditions from Herold et al. (2011) (Herold et al., 
2011) within CESM incorporating the atmospheric model CAM5. CAM5 has many 
improvements over its predecessors in its handling of clouds and aerosols (Neale et al., 2010; 
Bacmeister et al., 2012; Gettelman et al., 2008; Gettelman et al., 2010; Gettelman et al., 2015), 
radiative transfer (Iacono et al., 2008), deep convection (Neale et al., 2010), and shallow 
convection and moist boundary layer processes (Bretherton and Park, 2009). As far as we know, 
this is the first application of CESM1.0 with CAM5 to a pre-Quaternary paleoclimate. 
 
The paleoclimate model simulation was forced with Miocene vegetation, topography, 
bathymetry, a CO2 of 400 ppm, and pre-Industrial values of all other greenhouse gas 
concentrations and the solar constant. The topography and vegetation are described in Herold et 
al. (2010) and the bathymetry is described in Herold et al. (2011) with small updates to represent 
recent scholarship.  In comparison to modern land surface types, the prescribed paleo-land 
surface type distribution has reduced ice coverage over Antarctica, while Greenland is ice-free. In 
the tropics and midlatitudes, the desert regions are replaced with savannah and all C4 grasses are 
replaced with C3 grasses (Herold et al., 2010). Additionally, mid-to-high latitude regions have an 
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abundance of temperate, broadleaf evergreen biomes (Wolfe, 1985). A CO2 mixing ratio of 400 
ppm was chosen and CAM5 and CLM4 are run at 1.9°x2.5° horizontal resolution. CLM 
incorporates 16 plant functional types and 10 soil layers. The horizontal resolution of the ocean 
model is a nominal 1x1 degrees, with finer latitudinal resolution at the equator and poles and 
coarser resolution at middle latitudes. 60 unequally-spaced vertical levels are resolved. 
 
First, these simulations were initiated in CCSM4 (a subset of CESM1) utilizing the CAM4 
atmospheric component and a spinup was carried out for 2,200 model years. The simulation 
equilibrated (surface radiative imbalance of 0.08 w m-2 at the end). Then, the paleoclimate 
simulation presented here was initiated as a run with CAM5 incorporated and the simulation was 
continued for another 1700 years. The results here are fully equilibrated at nearly the same global 
mean surface temperature and a long-term mean surface radiative imbalance of 0.07 w m-2. 
Goldner et al. (2013) carried out sensitivity studies to orbit, the presence of a ‘permanent El 
Niño’-like sea surface temperature distribution, and CO2 (up to 800 ppm) in a slab-ocean 
configuration of CCSM4 of the previously mentioned CCSM4 spinup simulation. The overall 
similarity of that slab-ocean study to the results presented here and the relatively small impacts of 
all of those sensitivity experiments on relevant climate parameters (temperature, humidity, 
precipitation) that we found, gives us confidence that changes in such parameters would have 
little impact on the vegetation modeling which is the focus of this study. 
 
For the purposes of driving the vegetation model, 30-year climatological monthly means of CLM 
output for atmospheric incident solar radiation, volumetric soil water in the top layer, 2m relative 
humidity, soil water potential in the upper six layers, daily maximum of average 2m temperature 
and 2m air temperature were generated.  We used averaged soil water potential, calculated VPD 
(from relative humidity and temperature) and daily maximum averaged 2m temperature 
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(representing daytime temperature) as environmental inputs for our C3 and C4 plant model. These 
fields were masked to include grid cells in the growing season (temperature > 10oC) and for 
‘open’ settings, i.e. for grid cells made up of >20% of grassland, shrub-land, woodland and desert 
based on the distributions in Herold et al. (2011). Effectively these criteria filter out closed 
canopy forests and cold regions. Coding was performed in the freely available NCAR Command 
Language (NCL) and the source code is available upon request.  
 
Our paleoclimate model simulated climates could broadly represent the environmental conditions 
for Oligocene to mid-Miocene climate because prior sensitivity studies to changes in orbit, 
tropical sea surface temperature alterations, ice sheet, and CO2 introduce little spread around the 
climate state through Oligocene to mid-Miocene (Super et al., 2018; Lunt et al., 2007; Goldner et 
al., 2014). Given this robustness, the regions favorable to C4 evolution and expansion at high CO2 
are broadly representative of a mid-Oligocene timeframe, and those of lower CO2 are more 
representative of mid-Miocene to Pliocene. 
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Appendix A1.3 Calculate evapotranspiration 
We calculated evapotranspiration under different environmental conditions using the Penman-
Monteith equation follows Allen et al. (1994) (especially the appendix): 
 
ET =
∆ h) − à + 86.4*|J(ã$ − ãå)/l$
ç(∆ + é(1 + lè/l$))
 
 
ET: evapotranspiration (kg m-2 d-1); 
∆: slope of the saturation vapor pressure curve (kPa oC-1); 
Rn: net radiation flux density at surface (MJ m-2 d-1); 
G: soil heat flux density (MJ m-2 d-1); 
*: atmospheric density (kg m-3); 
Cp: specific heat moist air, 1.013 (kJ kg-1 oC-1); 
ea-ed: vapor pressure deficit (kPa); 
ra: aerodynamic resistance (s m-1); 
ç: latent heat of vaporization (MJ kg-1); 
é: psychometric constant (kPa oC-1); 
rs: resistance of vegetation surface (s m-1), equals rl/0.5/LAI, rl is stomatal resistance; 
86.4: factor for conversion from kJ s-1 to MJ d-1. 
 
When modeling similar conditions to Morgan et al. (2011) (Fig. A1.2, Table A1.3), we used a 
standard LAI of 3 for the control treatment (ct). ct conditions are 400 ppm of CO2 and summer 
average temperature of 17.5oC, cT represents 400 ppm of CO2 and the increased temperature of 
19.5 oC, Ct represents 600 ppm of CO2 and temperature of 17.5oC and CT represents 600 ppm of 
CO2 and the increased temperature of 19.5 oC. Net radiation flux density was calculated for the 
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daily period and based on the elevation, longitude and latitude, and soil heat flux density is 
calculated as 0.1 Rn approximately (Allen et al., 1994). Stomatal resistances were from our 
modeling results. Stomatal resistances for the light intensity of 1400 and 100 µmol m-2s-1 were 
used to get average daily resistance, and we used 19.5 oC for the daytime temperature and 15 oC 
for the nighttime temperature. We adjusted the LAI for C3 and C4 species based on the 
aboveground biomass measured by Morgan et al. (2011) for the year 2007, 2008 and 2009.  
 
We also calculated the evapotranspiration for pure C3 and pure C4 grasslands under CO2 
concentrations of 200 ppm, 400 ppm and 600 ppm and the temperature from 10 oC to 40 oC (Fig. 
A4.8). We considered common grassland moisture conditions of VPD=1.25 kPa and soil water 
potential of -1 MPa. We used a standard LAI of 3 for pure C3 grassland under 400 ppm and 
25.5oC, then we used model-predicted leaf biomass to leaf and fine root biomass ratio to adjust 
the LAI for other temperature and CO2 concentration. As mentioned above, stomatal resistances 
for light intensities of 1400 and 100 µmol m-2s-1 were used to get average daily resistance. 
 
The calculation processes for the evapotranspiration analysis can be found in Excel file A1.1 
Calculation process of evapotranspiration. 
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Fig. A1.1 Validating the modeling results using empirical measurements (black line for C3 
species and grey line for C4 species in modeling results; black dot for C3 species and grey dot for 
C4 species in empirical measurements). Error bars show standard error. (a) Model prediction of 
photosynthesis rate and empirical measurements between closely-related C3 and C4 species.  The 
lines represent modeling results of photosynthesis rate under VPD=0.625 kPa, soil water potential 
(ψs)=-0.5MPa and the light intensity of 1400 µmol m-2s-1(representing open habitat and the 
watered greenhouse condition with supplementary light). The dots show the measured 
photosynthesis rate for closely related C3 and C4 species from Taylor et al. (2010) and our own 
measurements of watered experiments in the greenhouse (recalculated from stomatal conductance 
for H2O). (b) Leaf water potential.  The lines represent modeling results of leaf water potential 
under the greenhouse condition. The dots show empirical measurements of midday leaf water 
potential for closely related C3 and C4 species from Taylor et al. (2010). The data were from a 
watered experiment in the greenhouse by assuming predawn leaf water potential of -0.38 MPa 
from Taylor et al. (2014). (c) Stomatal resistance.  The lines represent modeling results of 
stomatal resistance under the greenhouse condition. The dots show empirical measurements of 
stomatal resistance of CO2 for closely related C3 and C4 species from Taylor et al. (2010) and our 
own in watered experiments in the greenhouse. (d) Biomass allocation. The lines represent 
modeling results the ratio of leaves biomass to total leaves and fine root biomass under 
VPD=1.25 kPa, ψs =-1MPa and light intensity of 1400 µmol m-2s-1 (assumed field condition). The 
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dots show empirical measurements of the ratio of aboveground biomass to total biomass for C3 
and C4 species from Wilsey and Polley (2006) and Niu et al. (2008) from field experiments. 
 
Note: Empirical measurements of stomatal conductance and biomass allocation were reasonably 
close to the modeling results, but with a little divergence. Competition could be a potential 
reason. Because of the competition, C4 might maintain a lower stomatal resistance than its 
individual-based optimality to make the microclimate drier, which inhibited the growth of C3. For 
the biomass allocation, first, competition could lead to a higher biomass allocation to 
belowground; second, the definition of biomass allocation in our model, which is the ratio of leaf 
biomass to the sum of leaf and fine root biomass, should be higher than the empirical 
measurements, which is the ratio of leaf biomass to the sum of the total root biomass and leaf 
biomass. The data used for empirical measurements are shown in Excel-A1.2. Lower leaf 
biomass/total biomass ratio (LMR) was found in C4 (Atkinson et al., 2016), which is not 
necessarily contradictory with our modeling results, because of the different definition of the 
ratio. Our model did not predict the supporting tissues (culms, root storage tissue, etc.), but 
previous studies measuring LMR did include these in total biomass. It is possible that due to the 
larger biomass of the supporting tissues in C4, C4 could have a lower LMR, but still, maintain a 
higher leaf/fine-root (f) as predicted by our models.  
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Fig. A1.2 Calculation of total evapotranspiration for the experiment of Morgan et al. (2011) with 
common grassland water condition (VPD=1.25 and ψs =-1MPa) and light intensity of 1400 µmol 
m-2s-1 for the year 2007, 2008 and 2009. Black circle: the current CO2 of 400 ppm and regular 
temperature; Grey circle: 400 ppm CO2 and 2oC increase of growth temperature; Black triangle: 
600 ppm CO2 and regular temperature, and Grey triangle: 600 ppm CO2 and 2oC increase of 
growth temperature. 
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Fig. A1.3 Calculation of evapotranspiration of C3 (solid dots) and C4 (open dots) under different 
temperatures and CO2 (200 ppm, 400 ppm and 600 ppm) under common grassland water 
condition (VPD=1.25, ψs =-1MPa and light of 1400 µmol m-2s-1). The dashed line indicates the 
transition from increased evapotranspiration to decreased evapotranspiration under 2oC warming 
and 200 ppm elevated CO2. 
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Fig. A1.4 Crossover temperatures of photosynthesis for C3 and C4 with the change of CO2 
concentration under different VPD and soil water potential (ψs) and light intensities. (a, b) 
Crossover temperatures with the change of CO2 concentration under different water limited 
conditions under the light condition of 1400 µmol m-2s-1: (a) Jmax/Vcmax=2.1 for C3 and C4; (b) 
Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for C4. Solid black line: VPD=0.1kPa, ψs =0 MPa; 
dashed black line: VPD=0.625 kPa, ψs =-0.5 MPa; dot-dashed black line: VPD=1.25 kPa, ψs =-1 
MPa; dotted black line: VPD=1.875 kPa, ψs =-1.5 MPa; solid gray line: VPD=2.5 kPa, ψs =-2 
MPa. (c, d) Crossover temperatures with the change of CO2 concentration under different light 
intensities under saturated water conditions (VPD=0.1 kPa, ψs =0 MPa): (c) Jmax/Vcmax=2.1 for C3 
and C4; (d) Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for C4. Solid black line: 1400 µmol m-2s-1; 
dashed black line: 1000 µmol m-2s-1; dot-dashed black line: 600 µmol m-2s-1; dotted black line: 
200 µmol m-2s-1. (b) is the same with Fig. 1.1 in the main text, except with one more line of light 
grey. 
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Fig. A1.5 Modeled four assimilation limited states of C4 with Jmax/Vcmax=2.1 (a, c, e (left column)) 
and with Jmax/Vcmax=4.5 (b, d, f (right column)) under different CO2 (200 ppm and 400 ppm), 
different water limitation condition and light intensities. Black solid line RuBP carboxylation and 
PEP carboxylation limited assimilation rate; Dashed line: RuBP carboxylation and PEP 
regeneration limited assimilation rate; Dotted line: RuBP regeneration and PEP carboxylation 
limited assimilation rate; Grey solid line: RuBP regeneration and PEP regeneration limited 
assimilation rate. a,b: CO2 of 400 ppm, common grassland condition (VPD=1.25 kPa, ψs= -1 
MPa), light intensity of 1400 µmol m-2s-1, corresponding to the environmental condition of Fig 
5c; c,d: CO2 of 400 ppm with common grassland condition, light intensity of 1000 µmol m-2s-1, 
corresponding to the environmental condition; e,f: CO2 of 200 ppm, water condition of VPD=2.5 
kPa, ψs=-2 MPa, light intensity of 1400 µmol m-2s-1.  
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Fig. A1.6 The total difference in CO2 assimilation between C4 and C3 (An(C4)-An(C3)) with 
Jmax/Vcmax=2.1 for C3 and C4 under various CO2 (200 ppm, 400 ppm) and different light intensities 
(from 200 to 1400 µmol m-2s-1) with saturated water condition (VPD=0.1 kPa, ψs=0 MPa) (a, c) 
and with Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for C4 (b, d). 
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Fig. A1.7 The regional distributions of C3 or C4 ecological dominance under mid-Miocene 
climate and different CO2 scenarios. Dominance is determined by the assimilation difference 
(An(C4)-An(C3); µmol m-2 s-1) with the thresholds: > 3, C4 dominant; between 1 and 3, C4 slightly 
dominant; between -1 and 1, equal dominance; between -3 and -1, C3 slightly dominant; < -3, C3 
dominant. For each grid cell, the optimality model was driven with outputs from the Community 
Land Model (CLM4.5) in the CESM. (a) 600 ppm CO2, C3 Jmax/Vcmax ratio = 2.1 and C4 Jmax/Vcmax 
ratio = 2.1. (b) 400 ppm CO2, C3 Jmax/Vcmax ratio = 2.1 and C4 Jmax/Vcmax ratio = 2.1. (c) 270 ppm 
CO2, C3 Jmax/Vcmax ratio = 2.1 and C4 Jmax/Vcmax ratio = 4.5.  
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Fig. A1.8 Stomatal resistance (rs) and leaf/the total of leaf and fine-root allocation (f) as a 
function of temperature, with Jmax/Vcmax=2.1 for both C3 and C4 with high light of 1400 µmol m-2s-
1 under different CO2 (200 ppm, 400 ppm and 600 ppm) and different water conditions. Solid 
black line: C3 with VPD=0.1kPa, ψs =0 MPa; dashed black line: C4 with VPD=0.1kPa, ψs =0 
MPa; solid grey line: C3 with VPD=2.5 kPa, ψs =-2 MPa; dashed grey line: C4 with VPD=2.5 
kPa, ψs =-2 MPa. Vertical lines indicate the transition from RuBP carboxylation limited condition 
to RuBP regeneration limited condition for C3; for C4, all the transition temperatures<5 °C. The 
jumps in rs and f correspond to the transition from RuBP carboxylation limited assimilation to 
RuBP regeneration limited assimilation (Aj). The transition temperature decreases as CO2 
increases.   
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Fig. A1.9 The difference in CO2 assimilation between C4 and C3 (An(C4)-An(C3)) under various 
CO2 (200 ppm, 400 ppm and 600 ppm) and water conditions under light intensity of 1400 µmol 
m-2s-1. C4 has twice the hydraulic conductance of C3. Jmax/Vcmax=2.1 for C3 and C4 (a, c, e) and 
Jmax/Vcmax=2.1 for C3 and Jmax/Vcmax=4.5 for C4 (b, d, f). Water limitation intensity is: 1: VPD =0.1 
kPa, ψs =0 MPa;  2: 0.625 kPa, -0.5 MPa;  3: 1.25 kPa, -1 MPa;  4: 1.875 kPa, -1.5 MPa;  5: 2.5 
kPa, -2 MPa. 
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Fig. A1.10 Modeled assimilation rates of C3 with Jmax/Vcmax=2.1 (solid black line), C4 with 
Jmax/Vcmax=2.1 (dashed line) and C4 with Jmax/Vcmax=4.5 (dotted line) in light condition of 1400 
µmol m-2s-1 under different CO2 concentration (200 ppm, 400 ppm and 600 ppm) and different 
water limitation (from left to right, increase of water limitation: (a, f, k)VPD=0.1 kPa, ψs =0 
MPa; (b, g, l) 0.625 kPa, -0.5MPa; (c, h, m) 1.25 kPa, -1 MPa; (d, i, n) 1.875 kPa, -1.5 MPa; (e, j, 
o) 2.5 kPa, -2 MPa. 
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Table A1.1 Parameter abbreviation 
Abbreviation full name unit 
Ac Rubisco carboxylation assimilation rate µmol m-2 s-1 
Aj RuBP regeneration assimilation rate µmol m-2 s-1 
An net CO2 assimilation rate per unit leaf area µmol m-2 s-1 
Ca ambient CO2 concentration µmol mol-1 
Cbs bundle sheath CO2 concentration µmol mol-1 
Cc chloroplast CO2 concentration µmol mol-1 
Cm mesophyll CO2 concentration µmol mol-1 
E transpiration µmol m-2 s-1 
f the allocation ratio of leaf to the sum of leaf and fine root  
gbso bundle sheath conductance for O2 µmol m-2 s-1 
gs stomatal conductance for CO2 mol m-2 s-1 
I2 photosynthetically active photon flux density absorbed by PSII µmol m-2 s-1 
Obs O2 concentration in the bundle sheath cells mol mol-1 
rs stomatal resistence for CO2 mol-1 m2 s1 
rsH2O stomatal resistence for H2O mol-1 m2 s1 
R the molar gas constant kJK-1mol-1 
Rd mitochondrial daytime respiration rate µmol m-2 s-1 
Rubisco ribulose-1,5-bisphosphate carboxylase/oxygenase  
RuBP ribulose-1,5-bisphosphate  
Tk leaf absolute temperature K 
Vc velocity of Rubisco carboxylation µmol m-2 s-1 
Vp PEP carboxylation µmol m-2 s-1 
ϕ the ratio of Rubisco carboxylation and oxygenation  
ψl leaf water potential Mpa 
ψs soil water potential Mpa 
δ the water vapor pressure deficit mol mol-1 
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Table A1.2 Input parameters used for modeling. Many parameters are assumed the same for C3 and 
C4 species because we considered the initial dominance and expansion of C4, when C4 may have 
shared common traits with their C3 and C3-C4 intermediate predecessors. 
 
Parameter 
Value 
unit Definition 
C3 C4 
Vcmax(25) 691 39o µmol m-2 s-1 maximal velocity of Rubisco carboxylation 
at 25°C 
Jmax(25) 1451 1761 µmol m-2 s-1 maximum rate of electron transport at 
25°C 
Kc(25) 302p 75.06abcdfijkm µmol m-2 s-1 Michaelis-Menten constant of Rubisco 
activity for CO2 at 25°C 
Ko(25) 256p 35.82abcmdf mmol mol-1 Michaelis-Menten constants of Rubisco 
activity for O2 
γ* (25) 0.000171q 0.000244 
abdfijkm 
 specificity of Rubisco 
Vpmax(25)  120b µmol m-2 s-1 maximal PEP carboxylation rate at 25°C 
gm(25) 0.3r 0.3r mol m-2 s-1 mesophyll conductance at 25°C  
Kp(25)  85.5abcn µmol mol-1 Michaelis-Menten constants of PEP 
carboxylation for CO2 
ΔHa for Kp  52.2an  Temperature sensitivity parameter for Kp 
ρ 18.3q 18.3q g m-2 leaf mass density 
Θ 0.7s 0.7s  empirical curvature of light response curve 
ΔHa for Vcmax 65.33t 51.89akn kJ mol-1 energy of activation for temperature 
dependence for Vcmax 
ΔHa for Jmax 43.9v 69.25cg kJ mol-1 energy of activation for temperature 
dependence for Jmax  
ΔHa for Vpmax  65.69acgn kJ mol-1 energy of activation for temperature 
dependence for Vpmax  
ΔHa for Ko 36.38t 12.8an kJ mol-1 energy of activation for temperature 
dependence for Ko 
ΔHa for Kc 79.43t 36.5aik kJ mol-1 energy of activation for temperature 
dependence for Kc 
ΔHa for γ* 37.83t 37.83t kJ mol-1 energy of activation for temperature 
dependence for γ* 
ΔHa for gm 49.6u 46.533m kJ mol-1 energy of activation for temperature 
dependence for gm 
ΔHa for gbs  116.77n kJ mol-1 energy of activation for temperature 
dependence for gbs 
ΔHd for Jmax 200v 188.502 cg kJ mol-1 energy of activation for temperature 
dependence for Jmax 
ΔHd for Vpmax  147.694 acgn kJ mol-1 energy of activation for temperature 
dependence for Vpmax 
ΔHd for gm 437.4u 366.8m kJ mol-1 energy of activation for temperature 
dependence for gm 
ΔHd for gbs  264.6n kJ mol-1 energy of activation for temperature 
dependence for gbs 
ΔS for Jmax 0.65v 0.609 cg kJ K-1 mol-1 entropy for temperature dependence for 
Jmax 
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ΔS for Vpmax  0.47 acgn kJ K-1 mol-1 entropy for temperature dependence for 
Vpmax 
ΔS for gm 1.4u 1.2m kJ K-1 mol-1 entropy for temperature dependence for gm 
ΔS for gbs  0.86n kJ K-1 mol-1 entropy for temperature dependence for gbs 
bv 3.8w 3.8w  Weibull-type vulnerability curve for Vcmax 
dv 2w 2w MPa Weibull-type vulnerability curve for Vcmax 
bj 3w 3w  Weibull-type vulnerability curve for Jmax 
dj 2.5w 2.5w MPa Weibull-type vulnerability curve for Jmax 
k 0.001044q 0.001044q gH2O g-1 
root MPa-1 
s-1 
root hydraulic conductivity 
x  0.4b  the maximal ratio of total electron 
transport could be used for PEP 
carboxylation 
gbs  0.02946bcln µmol m-2 s-
1Pa-1 
bundle sheath conductance for CO2 
α   0.15b  the fraction of O2 evolution occurring in 
the bundle sheath 
Superscripts denote the literatures which parameters are from. 1Rescaling according to C4 
photosynthesis parameter of Collatz et al. (1992) and Wullschleger (1993). aBoyd et al. (2015), 
bvon Caemmerer (2000), cChen et al. (1994), dCousins et al. (2010), eJenkins et al. (1989), 
fKubien et al. (2008), gMassad et al. (2007), hSanyal & Maren (1981), iPerdomo et al. (2015) 
jSharwood et al. (2016a), kSharwood et al. (2016b), lUbierna et al (2013), mUbierna et al. (2017), 
nYin et al. (2016), oCollatz et al. (1992), pLeuning (1995), qGivnish (1986), rSharkey et al. (2007), 
sÖgren and Evans (1993), tBernacchi et al. (2001), uBernacchi et al. (2002), vBernacchi et al. 
(2003), wVico and Porporato (2008), The multiple characters indicate the values are averages. 
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Table A1.3 Modeling results of C3 and C4 evapotranspiration rate (kg m-2 d-1) for different 
environmental controls in Morgan et al. (2011). ct: the current CO2 of 400 ppm and regular 
temperature, cT: 400 ppm CO2 and 2oC increase of growth temperature, Ct: 600 ppm CO2 and 
regular temperature, and CT: 600 ppm CO2 and 2oC increase of growth temperature. 
 
  
  
Experiment 2007 2008 2009 C3 C4 C3 C4 C3 C4 
ct 2.46 0.59 2.14 0.48 3.64 1.06 
cT 2.64 0.73 2.21 0.68 3.86 1.38 
Ct 2.20 0.59 2.25 0.48 2.94 0.86 
CT 2.36 0.79 1.87 0.68 3.44 1.12 
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Mathematica-A1.1 Model derivation and calculation using Mathematica based on Supporting 
information SI1 (see Supplementary Material of Zhou et al., 2018). 
R packages (C3C4OptPhotosynthesis_0.1.0.tar.gz) Model calculation using R based on 
Appendix A1.1: available on github (https://github.com/zhouhaoran06). 
Excel-A1.1 Calculation process for Appendix A1.3 (see Supplementary Material of Zhou et al., 
2018). 
Excel-A1.2 Validation data for assimilation rate (An), stomatal resistance (gs) leaf water potential 
(ψl) and leaf-root allocation (f) used for Fig. A1.1 (see Supplementary Material of Zhou et al., 
2018). 
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Chapter 2 
Table A.2.1 The evolutionary models used for the phylogenetic analysis to test the evolutionary 
differences of the physiological properties among C3 and three C4 subtypes (SubtypeModel1-9) 
and among C3 and C4 seven clusters (ClusterModel1-9). 
 
Model Evolution Fluctuation rate Root Trend 
SubtypeModel 1 BM Four Four None 
SubtypeModel 2 BM One Four None 
SubtypeModel 3 BMT Four Four One 
SubtypeModel 4 BMT One Four One 
SubtypeModel 5 BMT Four Four Two 
SubtypeModel 6 BMT One Four Two 
SubtypeModel 7 BMT Four Four Four 
SubtypeModel 8 BMT One Four Four 
SubtypeModel 9 BMT Eight Eight Four 
SubtypeModel 10 BMT One Eight Four 
SubtypeModel 11 OU One Four None 
ClusterModel 1 BM Eight Eight None 
ClusterModel 2 BM One Eight None 
ClusterModel 3 BMT Eight Eight One 
ClusterModel 4 BMT One Eight One 
ClusterModel 5 BMT Eight Eight Two 
ClusterModel 6 BMT One Eight Two 
SubtypeModel 7 BMT Eight Eight Four 
SubtypeModel 8 BMT One Eight Four 
ClusterModel 9 BMT Eight Eight Eight 
ClusterModel 10 BMT One Eight Eight 
ClusterModel 11 OU One Eight None 
SubtypeModel 5 and 6 are similar with ClusterModel 5 and 6. They appeared in different places 
because they are used in hypothesis tests in both subtype and cluster models. 
 
 
Table A.2.2 Description of the models for correlation between maximal assimilation rate (Amax) 
and another physiological trait. 
General Model Shared Model description 
CorModel 0 No corrlelation Null model: no correlation between traits in C3 and C4. 
CorModel 1 Variance & Covariance C3 and C4 shared variance and covariance for two traits. 
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CorModel 2 Proportional  C3 and C4 have proportional variance and covariance matrix.  
CorModel 3 Eigenvector C3 and C4 shared eigenvector for variance and covariance matrix. 
CorModel 4 Correlation C3 and C4 shared correlation for two traits 
CorModel 5 Variance C3 and C4 shared variance for two traits 
CorModel 6 C3 C4 independent C3 and C4 have independent variance and covariance matrix 
 
 
Phylogenetic analysis for C3 and C4 
 
Table A.2.3 Phylogenetic analysis results for hydraulic conductance (Kleaf) for C3 and C4 species.  
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 140 140.83 8.158 NA 3.544 
Model 2 0.0000 136 137.31 0.443 14.887 NA 2.741 
Model 3 0.0258 118 119.62 0.305 8.177 NA 2.470 4.875 
Model 4 0.0000 132 133.24 1.4e-09 14.471 3.717 0.745 
Model 5 0.0138 119 121.67 3.2e-10 9.927 2.047 1.595 3.760 
Model 6 0.9180 111 114.28 1.9e-10 6.268 2.875 -13.223 1.156 14.295 
Model 7 0.0046 122 123.85 3.871 -2.940 -12.089 4.065 13.089 
Model 8 0.0047 122 122.41 166.589 NA 3.811 
Model 9 0.0336 118 119.09 658.88 NA 2.657 4.088 
 
 
Table A.2.4 Phylogenetic analysis results for leaf capacitance for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 -26.4 -25.94 0.0491 NA 0.486 
Model 2 0.0000 -26.8 -25.92 1.5e-20 0.116 NA 0.368 
Model 3 0.3340 -46.7 -45.13 2.9e-15 0.0387 NA 0.3518 0.5335 
Model 4 0.0000 -24.2 -22.69 0.187 0.0187 -0.535 0.901 
Model 5 0.2310 -45.9 -43.53 1.9e-13 0.0348 -0.1663 0.452 0.649 
Model 6 0.4100 -47.1 -43.58 1.2e-12 0.0293 -0.056 -0.717 0.385 1.032 
Model 7 0.0236 -41.4 -38.97 0.0183 -0.159 -0.799 0.488 1.110 
Model 8 0.0004 -33.2 -32.34 0.201 NA 0.466 
Model 9 0.0007 -34.4 -32.88 0.268 NA 0.378 0.488 
 
 
Table A.2.5 Phylogenetic analysis results for stomatal conductance (gs) for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
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Model 1 0.0000 -105.30 -104.88 0.005 NA 0.157 
Model 2 0.0000 -104.69 -103.80 0.0006 0.0079 NA 0.176 
Model 3 0.1340 -125.82 -124.28 6.2e-11 0.0036 NA 0.1921 0.1300 
Model 4 0.0103 -120.70 -119.16 3.4e-15 0.0049 -0.2679 0.3350 
Model 5 0.5450 -128.63 -126.23 6.8e-14 0.0036 -0.1416 0.2724 0.2281 
Model 6 0.2700 -127.22 -123.72 3.6e-12 0.0035 -0.178 -0.073 0.2927 0.1806 
Model 7 0.0391 -123.36 -120.96 0.0022 -0.219 -0.105 0.3379 0.2102 
Model 8 0.0000 -104.46 -103.57 0.0087 NA 0.1298 
Model 9 0.0017 -117.09 -115.55 0.0045 NA 0.2075 0.0897 
 
 
Table A.2.6 Phylogenetic analysis results for leaf turgor loss point (Turgor loss) for C3 and C4 
species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0012 10.29 10.70 0.242 NA -1.317 
Model 2 0.0007 11.33 12.19 0.970 2.010 NA -1.356 
Model 3 0.0003 13.07 14.55 0.134 0.286 NA -1.384 -1.336 
Model 4 0.0013 10.1 11.58 0.110 0.269 1.003 -2.003 
Model 5 0.0005 12.04 14.35 0.111 0.269 1.066 -2.031 -2.055 
Model 6 0.0002 13.49 16.85 0.115 0.259 1.550 0.476 -2.289 -1.609 
Model 7 0.0003 12.92 15.23 0.216 1.761 0.447 -2.401 -1.574 
Model 8 0.1170 1.06 1.92 1.197 NA -1.282 
Model 9 0.8786 -2.97 -1.49 1.727 NA -1.475 -1.224 
 
 
Table A.2.7 Phylogenetic analysis results for leaf elasticity for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 192 192.85 29.203 NA 12.421 
Model 2 0.0000 194 195.04 21.630 32.314 NA 12.402 
Model 3 0.0000 196 197.26 19.875 31.883 NA 11.921 12.662 
Model 4 0.0000 196 197.54 22.438 31.013 2.597 10.658 
Model 5 0.0000 198 200.09 20.102 31.667 0.463 11.634 12.340 
Model 6 0.0000 195 198.19 14.652 28.269 -19.527 18.713 22.643 -1.489 
Model 7 0.0000 194 195.82 24.428 -20.378 18.373 23.111 -1.412 
Model 8 0.6860 163 163.94 19328.24 NA 12.675 
Model 9 0.3140 165 166.13 19123.44 NA 11.974 12.825 
 
 
Phylogenetic analysis results for C3 and C4 Subtypes 
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Table A.2.8 Phylogenetic analysis results of evolutionary model fitting for hydraulic conductance 
(Kleaf) for C3 and three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 6 122.63 128.63 21.59 0.0000 0.0000 
SubtypeModel 2 10 130.07 132.29 29.03 0.0000 0.0000 
SubtypeModel 3 7 124.04 131.87 23 0.0000 0.0000 
SubtypeModel 4 9 124.53 127.76 23.48 0.0000 0.0000 
SubtypeModel 5 5 115.36 125.36 14.31 0.0008 0.0008 
SubtypeModel 6 8 124.18 128.66 23.14 0.0000 0.0000 
SubtypeModel 7 2 110.65 126.25 9.61 0.0082 0.0081 
SubtypeModel 8 4 115.32 123.15 14.28 0.0008 0.0008 
SubtypeModel 9 1 101.04 171.04 0 1.0000 0.9860 
SubtypeModel 10 3 111.87 131.03 10.82 0.0045 0.0044 
 
 
Table A.2.9 Phylogenetic analysis results of evolutionary model fitting for leaf capacitance for C3 
and three C4 subtypes.  
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 3 -42.15 -35.60 4.66 0.0972 0.0659 
SubtypeModel 2 8 -36.58 -34.18 10.23 0.0060 0.0041 
SubtypeModel 3 4 -42.08 -33.51 4.73 0.0941 0.0638 
SubtypeModel 4 7 -38.65 -35.15 8.16 0.0169 0.0115 
SubtypeModel 5 2 -43.52 -32.52 3.29 0.1927 0.1306 
SubtypeModel 6 6 -38.68 -33.81 8.13 0.0172 0.0116 
SubtypeModel 7 5 -40.72 -23.38 6.09 0.0476 0.0322 
SubtypeModel 8 9 -35.68 -27.11 11.13 0.0038 0.0026 
SubtypeModel 9 1 -46.81 37.19 0 1.0000 0.6775 
SubtypeModel 10 10 -31.19 -9.77 15.62 0.0004 0.0003 
 
 
Table A.2.10 Phylogenetic analysis results of evolutionary model fitting for stomatal conductance 
for C3 and three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 10 -118.39 -111.84 10.651 0.0049 0.0027 
SubtypeModel 2 9 -119.75 -117.35 9.288 0.0096 0.0054 
SubtypeModel 3 4 -121.52 -112.95 7.518 0.0233 0.0130 
SubtypeModel 4 3 -122.48 -118.98 6.563 0.0376 0.0209 
SubtypeModel 5 8 -119.86 -108.86 9.179 0.0102 0.0057 
SubtypeModel 6 5 -120.74 -115.87 8.299 0.0158 0.0088 
SubtypeModel 7 7 -120.06 -102.73 8.979 0.0112 0.0062 
SubtypeModel 8 6 -120.21 -111.64 8.826 0.0121 0.0067 
SubtypeModel 9 2 -128.25 -44.25 0.788 0.6744 0.3749 
SubtypeModel 10 1 -129.04 -107.63 0 1.0000 0.5558 
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Table A.2.11 Phylogenetic analysis results of evolutionary model fitting for leaf turgor loss point 
for C3 and C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 -2.97 -1.493 0.000 1.0000 0.4670 
SubtypeModel 9 3 -1.55 1.814 1.428 0.4900 0.2290 
ClusterModel 9 2 -2.12 8.356 0.854 0.6520 0.3050 
 
 
Table A.2.12 Phylogenetic analysis results of evolutionary model fitting for leaf elasticity for C3 
and C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 165 166.13 0.00 1.0000 0.8603 
SubtypeModel 9 2 168 171.70 3.69 0.1577 0.1356 
ClusterModel 9 3 175 185.83 10.70 0.0047 0.0041 
 
 
Phylogenetic analysis results for C3 and C4 clusters 
 
Table A.2.13 Phylogenetic analysis results of evolutionary model fitting for hydraulic 
conductance (Kleaf) for C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 9 132.66 166.66 56.2 0.0000 0.0000 
ClusterModel 2 10 135.14 142.96 58.7 0.0000 0.0000 
ClusterModel 3 8 131.92 172.72 55.5 0.0000 0.0000 
ClusterModel 4 7 131.15 141.15 54.7 0.0000 0.0000 
ClusterModel 5 4 106.48 155.34 30.1 0.0000 0.0000 
ClusterModel 6 6 126.80 139.38 50.4 0.0000 0.0000 
ClusterModel 7 3 101.04 171.04 24.6 0.0000 0.0000 
ClusterModel 8 5 111.87 131.03 35.5 0.0000 0.0000 
ClusterModel 9 2 88.86 238.86 12.4 0.0020 0.0020 
ClusterModel 10 1 76.42 117.22 0 1.0000 0.9980 
 
 
Table A.2.14 Phylogenetic analysis results of evolutionary model fitting for leaf capacitance for 
C3 and seven C4 clusters.  
Model Rank AIC AICc diff wi AICw 
ClusterModel  1 6 -41.44 -2.58 13.91 0.0010 0.0009 
ClusterModel 2 9 -31.31 -22.73 24.04 0.0000 0.0000 
ClusterModel  3 5 -43.89 3.19 11.46 0.0033 0.0030 
ClusterModel  4 8 -32.13 -21.13 23.22 0.0000 0.0000 
ClusterModel  5 2 -49.65 7.35 5.7 0.0579 0.0532 
ClusterModel  6 7 -33.98 -20.08 21.37 0.0000 0.0000 
ClusterModel  7 3 -46.81 37.19 8.54 0.0140 0.0129 
ClusterModel  8 1 -31.19 -9.77 0 1.0000 0.9190 
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ClusterModel  9 4 -55.35 144.65 8.87 0.0119 0.0109 
ClusterModel  10 6 -46.48 0.60 13.91 0.0010 0.0009 
 
 
Table A.2.15 Phylogenetic analysis results of evolutionary model fitting for maximal stomatal 
conductance for C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel  1 10 -117.50 -78.64 17.4 0.0002 0.0001 
ClusterModel  2 9 -118.82 -110.25 16.08 0.0003 0.0002 
ClusterModel  3 7 -121.99 -74.92 12.91 0.0016 0.0011 
ClusterModel  4 5 -125.28 -114.28 9.62 0.0081 0.0057 
ClusterModel  5 8 -120.20 -63.20 14.7 0.0006 0.0005 
ClusterModel  6 6 -123.73 -109.83 11.17 0.0037 0.0026 
ClusterModel  7 4 -128.25 -44.25 6.65 0.0360 0.0254 
ClusterModel  8 3 -129.04 -107.63 5.86 0.0533 0.0376 
ClusterModel 9 2 -132.59 67.41 2.31 0.3148 0.2219 
ClusterModel 10 1 -134.90 -87.82 0 1.0000 0.7049 
 
 
Table A.2.16 Phylogenetic estimated results for the best fitted cluster model: ClusterModel 8 for 
hydraulic conductance (Kleaf), ClusterModel 7 for leaf capacitance (Capacitance) and 
ClusterModel 8 for maximal stomatal conductance (gs) for C3 and seven C4 clusters. 
Cluster 
Trend 
Kleaf Capacitance gs 
Cluster1 -79.647 10.783 -1.792 
Cluster2 23.310 -0.0524 -0.284 
Cluster3 -17.768 -1.328 0.101 
Cluster4 -73.894 -2.263 -1.053 
Cluster5 -25.982 -2.531 -0.206 
Cluster6 -4.084 -1.860 0.318 
Cluster7 -17.582 -0.614 -0.523 
ClusterC3 2.876 -0.056 -0.185 
 
Table A.2.17 Phylogenetic estimated results for the best fitted cluster model, ClusterModel 9, for 
leaf turgor loss point and leaf elasticity for C3 and seven C4 clusters. 
Cluster 
Theta 
Leaf turgor loss Leaf elasticity 
Cluster1 -1.123864 12.13097 
Cluster2 -1.336024 13.42526 
Cluster3 -1.217066 13.08585 
Cluster4 -1.353133 13.10071 
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Cluster5 -1.078403 13.21399 
Cluster6 -1.023290 11.61695 
Cluster7 -1.363168 13.12383 
ClusterC3 -1.477958 11.95557 
 
 
Correlations among different physiological traits 
 
Table A.2.18 Estimated correlation between Amax and Kleaf for C3 and C4 using different 
evolutionary models. 
General 
Model Shared Rank AIC AICc AICw 
Correlation 
C3 C4 
CorModel 0 No corrlelation 4 304.5 310.9 0.0665 NA 
CorModel 1 Variance & Covariance 7 335.9 338.0 0.0000 0.1379 
CorModel 2 Proportional  5 307.6 314.0 0.0141 0.2912 0.2912 
CorModel 3 Eigenvector 1 300.5 308.1 0.4960 0.7477 0.1812 
CorModel 4 Correlation 2 302.1 309.7 0.2220 0.3831 0.3831 
CorModel 5 Variance 6 315.2 321.6 0.0003 0.8213 0.2343 
CorModel 6 C3 C4 independent 3 302.3 311.2 0.2010 0.7303 0.2652 
 
 
Table A.2.19 Estimated correlation between Amax and leaf capacitance for C3 and C4 using 
different evolutionary models. 
General 
Model Shared Rank AIC AICc AICw 
Correlation 
C3 C4 
CorModel 0 No corrlelation 1 155.6 158.4 0.3866 NA 
CorModel 1 Variance & Covariance 7 169.5 170.6 0.0004 0.1596 
CorModel 2 Proportional  5 159.8 162.6 0.0471 0.1849 0.1849 
CorModel 3 Eigenvector 3 157.5 161.1 0.1513 0.1352 0.0431 
CorModel 4 Correlation 2 156.1 159.7 0.3016 -0.2287 0.2287 
CorModel 5 Variance 6 168.8 171.7 0.0005 -0.6757 0.1949 
CorModel 6 C3 C4 independent 4 158.0 162.5 0.1125 -0.1665 0.2409 
  
 
Table A.2.20 Estimated correlation between Amax and gs for C3 and C4 using different 
evolutionary models. 
General 
Model Shared Rank AIC AICc AICw 
Correlation 
C3 C4 
CorModel 0 No corrlelation 6 55.9 60.2 0.0016 NA 
CorModel 1 Variance & Covariance 7 66.9 69.0 0.0000 0.5338 
CorModel 2 Proportional  1 45.0 49.3 0.3810 0.6035 0.6035 
CorModel 3 Eigenvector 3 47.0 52.2 0.1430 0.6011 0.5954 
CorModel 4 Correlation 4 48.6 53.8 0.0640 -0.5520 0.5520 
CorModel 5 Variance 5 49.5 53.8 0.0400 0.7506 0.6203 
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CorModel 6 C3 C4 independent 2 45.1 51.4 0.3700 0.1884 0.6928 
 
 
Table A.2.21 Estimated correlation between Amax and leaf turgor loss for C3 and C4 using 
different evolutionary models. 
General 
Model Shared Rank AIC AICc AICw 
Correlation 
C3 C4 
CorModel 0 No corrlelation 6 195.3 196.8 0.0596 NA 
CorModel 1 Variance & Covariance 2 192.6 193.7 0.2238 -0.3608 
CorModel 2 Proportional  1 192.0 193.6 0.3047 -0.3266 -0.3266 
CorModel 3 Eigenvector 3 193.5 195.6 0.1421 -0.2697 -0.3632 
CorModel 4 Correlation 4 193.8 195.8 0.1269 -0.3301 -0.3301 
CorModel 5 Variance 5 194.6 196.1 0.0841 -0.2404 -0.3724 
CorModel 6 C3 C4 independent 7 195.3 198.0 0.0587 -0.1040 -0.3985 
 
 
Table A.2.22 Estimated correlation between Amax and leaf elasticity for C3 and C4 using different 
evolutionary models. 
General 
Model Shared Rank AIC AICc AICw 
Correlation 
C3 C4 
CorModel 0 No corrlelation 1 347.7 349.3 0.2986 NA 
CorModel 1 Variance & Covariance 2 348.4 349.5 0.2110 0.1051 
CorModel 2 Proportional  5 350.1 351.6 0.0925 0.1124 0.1124 
CorModel 3 Eigenvector 4 349.7 351.8 0.1112 -0.0097 0.0344 
CorModel 4 Correlation 3 349.2 351.3 0.1411 0.1270 0.1270 
CorModel 5 Variance 6 350.2 351.8 0.0855 0.2521 0.0690 
CorModel 6 C3 C4 independent 7 350.9 353.7 0.0601 0.2739 0.0690 
 
Table A.2.23 The relative percentage (%) change of half hydraulic conductance (Hkc) and twice 
hydraulic conductance (Tkc) on the assimilation rate under different CO2 and water-limited 
conditions. The percentage is calculated by (the assimilation rate of Hkc or Tkc - the assimilation 
rate of original hydraulic conductance)/the assimilation rate of original hydraulic conductance. 
The values indicate average changes from 10oC to 35oC and standard errors. 
 
Type 
VPD0.625ϕs05 VPD1.25ϕs1 
200 ppm 400 ppm 600 ppm 200 ppm 400 ppm 600 ppm 
C3_Hkc -7.45(0.06) -6.26(0.06) -4.28(0.04) -10.7(0.07) -9.40(0.08) -7.71(0.05) 
C3_Tkc 6.30(0.05) 5.14(0.05) 3.38(0.04) 9.70(0.07) 8.26(0.08) 5.97(0.02) 
C4_Hkc21 -2.17(0.00) -2.06(0.00) -1.94(0.01) -3.64(0.00) -3.48(0.01) -3.32(0.01) 
C4_Tkc21 1.70(0.00) -1.60(0.00) 1.51(0.01) 2.95(0.00) 2.80(0.01) 2.66(0.01) 
C4_Hkc45_Tresp -2.47(0.12) -2.12(0.06) -2.08(0.06) -4.08(0.16) -3.58(0.09) -3.52(0.09) 
C4_Tkc45_Tresp 1.91(0.09) 1.67(0.05) 1.63(0.05) 3.26(0.13) 2.93(0.08) 2.88(0.08) 
Type 
VPD1.875ϕs15 VPD2.5ϕs2 
200 ppm 400 ppm 600 ppm 200 ppm 400 ppm 600 ppm 
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C3_Hkc -13.09(0.07) 
-
11.98(0.09) 
-
10.72(0.10) 
-
14.08(0.07) 
-
13.01(0.10) 
-
12.16(0.11) 
C3_Tkc 12.50(0.09) 11.12(0.10) 9.64(0.11) 13.76(0.09) 12.47(0.11) 11.47(0.13) 
C4_Hkc21 -5.23(0.03) -4.85(0.01) -4.63(0.01) -6.99(0.04) -6.68(0.04) -6.26(0.03) 
C4_Tkc21 4.21(0.00) 4.00(0.01) 3.80(0.01) 5.93(0.04) 5.55(0.03) 5.09(0.03) 
C4_Hkc45_Tresp -5.76(0.16) -5.05(0.11) -4.99(0.11) -6.34(0.11) -6.28(0.11) -6.21(0.11) 
C4_Tkc45_Tresp 4.50(0.14) 4.27(0.10) 4.21(0.10) 5.51(0.11) 5.44(0.11) 5.38(0.10) 
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Fig. A2.1 The phylogeny of cultivated closely-related C3 and C4 species in PACMAD clade. * 
shows C4 species, † indicates C3- C4 intermediate species and the others are C3 species. The 
phylogeny was pruned from a grass phylogeny of Edwards et al. (2012). The seeds resources are 
as follows: (1) USDA, USA; (2) Nidethana Seed Service, Australia; (3) Millennium seed bank at 
KEW, England; (3) Louisiana, Pastorek Habitats, USA; (4) Renu-karoo Nursey and veld 
restoration, South Africa. NADP-ME subtype: Clusters 1,2,3,6; NAD-ME subtype: Clusters 5,7; 
PEP-CK subtype: Clusters 4. Pinto et al. (2014) considered P. bisulcatum is more closely related 
to subfamily Panicum (Cluster 5) and Bräutigam et al. (2014) considered D. clandestinum is more 
closely related to Cluster 4, which left H. proluta to be considered more closely related to Cluster 
3. For Cluster 6 and 7, we didn’t successfully cultivate closely related C3 species. Error bars 
indicate standard errors. 
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Fig. A2.2 The regression for hydraulic conductance (Kleaf), leaf capacitance, stomatal 
conductance (gs), leaf turgor loss point vs. relative evolutionary time for all the C4 species and 
each of the seven closely-related clusters of C4 species to graphically show the evolutionary 
trend. The “relative evolutionary time” for each C4 species is gotten by first finding the common 
ancestor of the C4 species and its mostly closely related C3 along the phylogeny and the branch 
length from the common ancestor to this C4 indicates how long the species have evolved since the 
formation of C4 photosynthesis pathway. Rigid phylogenetic analyses are shown in Table 1, 2, 3 
and 4. 
 
Relative evolutionary time 
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Fig. A2.3 BoxWhisker plot for the differences of hydraulic conductance (Kleaf), leaf capacitance, 
maximal stomatal conductance (gs) and leaf turgor loss point between closely related C3 and C4 
species. 
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Fig. A2.4 Modeling results of photosynthesis rates along with different CO2 concentration, 
different temperatures and different water limited conditions for C3 (black lines) and for C4 (grey 
lines). Solid lines: modeling results for C3 and C4 with the regular leaf hydraulic conductance; 
dashed lines: modeling results for C3 and C4 with twice of the regular leaf hydraulic conductance; 
dotted lines: modeling results for C3 and C4 with half of the regular leaf hydraulic conductance. 
C3 and C4 parameters are from current estimated parameters and are different from each other 
(Table S23). Upper row: CO2 of 200 ppm; middle row: CO2 of 400 ppm; lower row: CO2 of 600 
ppm. Left column: water condition of VPD=0.625 kPa, ψs=-0.5 MPa; middle column: VPD=1.25 
kPa, ψs =-1 MPa; right column water condition of VPD=1.875 kPa, ψs=-1.5 MPa. 
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Fig. A2.5 The effect of changing Kleaf on stomatal resistance (the inverse of stomatal 
conductance) and leaf water potential under VPD=1.25 kPa, ψs =-1 MPa and different CO2 
concentration. Solid black line: regular Kleaf; dashed black line: half regular Kleaf; dashed grey 
line: twice regular Kleaf.  
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Chapter 3 
Table A3.1 Phylogenetic analysis results for Jmax/Vcmax for C3 and C4 species.  
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 104.36 104.79 5.0466 NA 4.0495 
Model 2 0.0000 85.79 86.68 24.81 0.64 NA 5.19 
Model 3 0.6178 18.48 20.02 0.012 0.505 NA 1.572 5.173 
Model 4 0.0000 87.14 88.68 21.19 0.702 1.72 3.83 
Model 5 0.2687 20.14 22.54 0.012 0.504 0.2643 1.424 4.986 
Model 6 0.0989 22.14 25.64 0.0121 0.5036 0.261 0.287 1.426 4.970 
Model 7 0.0004 33.06 35.46 0.344 0.351 -0.0218 1.513 5.243 
Model 8 0.0000 105.43 106.32 7.280 NA 5.174 
Model 9 0.0143 26.01 27.55 2.526 NA 1.556 5.195 
 
 
Table A3.2 Phylogenetic analysis results for Vcmax for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 265.99 266.42 879.33 NA 36.45 
Model 2 0.0000 239.42 240.31 4524.55 71.57 NA 25.75 
Model 3 0.5780 213.40 214.94 409.44 69.13 NA 67.71 24.00 
Model 4 0.0000 238.28 239.82 3679.26 69.36 -36.22 54.14 
Model 5 0.3010 214.70 217.10 429.41 64.68 NA 77.33 35.67 
Model 6 0.1140 216.64 220.15 429.78 64.54 -26.98 -13.60 83.97 34.48 
Model 7 0.0046 223.05 225.45 146.53 -5.07 -3.73 69.05 25.36 
Model 8 0.0000 266.70 267.59 1409.43 NA 25.80 
Model 9 0.0024 224.39 225.93 10946.0 NA 64.00 225.93 
 
 
Table A3.3 Phylogenetic analysis results for Jmax for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.2686 301.09 301.52 2499.62 NA 115.70 
Model 2 0.1075 302.92 303.81 2089.2 2713.1 NA 113.91 
Model 3 0.0643 303.95 305.48 1898.5 2675.9 NA 104.45 119.07 
Model 4 0.0506 304.42 305.96 1892.8 2753.8 45.65 82.88 
Model 5 0.0238 305.94 308.34 1880.1 2685.5 8.20 99.69 113.10 
Model 6 0.0093 307.80 311.30 1881.2 2673.4 45.93 -17.44 79.67 132.47 
Model 7 0.0219 306.10 308.50 2404.5 42.32 -26.11 83.95 140.07 
Model 8 0.2235 301.45 302.34 4664.3 NA 119.6 
Model 9 0.2304 301.39 302.93 5243.6 NA 99.67 127.39 
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Table A3.4 Phylogenetic analysis results for total chlorophyll for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.1157 -46.41 -45.95 0.0282 NA 0.3616 
Model 2 0.0803 -45.68 -44.72 0.0450 0.0224 NA 0.3665 
Model 3 0.0353 -44.04 -42.37 0.0442 0.0222 NA 0.3918 0.3594 
Model 4 0.0308 -43.77 -42.10 0.0454 0.0222 -0.0666 0.4143 
Model 5 0.0131 -42.05 -39.44 0.0438 0.0223 0.0286 0.3746 0.3379 
Model 6 0.0051 -40.17 -36.35 0.0432 0.0224 0.2063 -0.0308 0.2792 0.3841 
Model 7 0.0079 -41.06 -38.45 0.0279 0.2723 -0.0030 0.2333 0.3570 
Model 8 0.4951 -49.32 -48.36 0.0883 NA 0.3529 
Model 9 0.2168 -47.67 -46.00 0.6086 NA 0.3671 0.3385 
 
 
Table A3.5 Phylogenetic analysis results for ETR/J for C3 and C4 species. 
Model AICw AIC AICc Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 -20.33 -19.90 0.0862 NA 0.8195 
Model 2 0.0000 -41.96 -41.08 0.4331 0.0088 NA 0.6982 
Model 3 0.0093 -67.95 -66.41 0.0379 0.0077 NA 1.1132 0.6876 
Model 4 0.0000 -40.03 -38.49 0.4167 0.0090 -0.0631 0.7477 
Model 5 0.0040 -66.25 -63.85 0.0381 0.0076 0.1015 1.0500 0.6102 
Model 6 0.0015 -64.29 -60.79 0.0380 0.0076 0.0005 0.1187 1.1056 0.5965 
Model 7 0.0002 -60.61 -58.21 0.0121 -0.0116 0.1105 1.1016 0.6033 
Model 8 0.0000 -22.62 -21.73 0.1552 NA 0.7345 
Model 9 0.9850 -77.28 -75.75 1.0152 NA 1.0689 0.6750 
 
 
Table A3.6 Phylogenetic analysis results for chlorophyll a/chlorophyll b for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
Model 1 0.0000 32.77 33.23 0.4875 NA 4.0425 
Model 2 0.0000 31.73 32.69 1.2383 0.2270 NA  4.2180 
Model 3 0.0208 9.28 10.95 0.1284 0.1896 NA 3.4539 4.3245 
Model 4 0.0000 33.53 35.19 1.9598 0.1511 -1.0559 5.0627 
Model 5 0.1210 5.75 8.36 0.1866 0.1079 -1.7509 4.5152 5.6163 
Model 6 0.2590 4.24 8.06 0.1508 0.0973 0.2151 -2.470 3.4576 6.1698 
Model 7 0.5990 2.56 5.17 0.1177 0.2200 -2.438 3.4256 6.1327 
Model 8 0.0000 35.23 36.19 0.7156 NA 4.1635 
Model 9 0.0000 24.03 25.70 0.3568 NA 3.3476 4.5453 
 
 
Table A3.7 Phylogenetic analysis results for ETR for C3 and C4 species. 
Model AICw AIC AICc 
Variance Trend Mean 
C3 C4 C3 C4 C3 C4 
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Model 1 0.1657 291.77 292.19 1932.1 NA 93.04 
Model 2 0.0635 293.68 294.57 2244.6 1809.8 NA 92.86 
Model 3 0.2529 290.92 292.46 1914.4 1521.1 NA 113.13 84.82 
Model 4 0.0592 293.82 295.36 2231.5 1635.4 -77.02 146.33 
Model 5 0.0931 292.92 295.32 1919.5 1518.7 -2.41 114.57 86.61 
Model 6 0.0343 294.91 298.41 1920.2 1518.6 5.23 -5.87 110.48 89.26 
Model 7 0.0871 293.05 295.45 1638.2 85.23 -1.34 106.53 85.23 
Model 8 0.1021 292.74 293.62 3658.27 NA 87.43 
Model 9 0.1421 292.07 293.61 3020.74 NA 107.64 77.34 
 
 
Table A3.8 Phylogenetic analysis results of evolutionary model fitting for Vpmax for C3 and C4, 
C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model AICw AIC AICc Variance Trend Mean 
Model 1 0.240 194.57 195.14 481.78  45.39 
Model 4 0.103 196.26 197.46 474.71 12.93 40.13 
Model 8 0.657 192.55 193.75 2197.1  47.69 
 
 
Table A3.9 Phylogenetic analysis results of evolutionary model fitting for Vpmax/Vcmax for C3 
and C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model AICw AIC AICc Variance Trend Mean 
Model 1 0.0251 14.07 14.64 0.2135 NA 1.9352 
Model 4 0.0101 15.88 17.08 0.2107 0.2148 1.8468 
Model 8 0.9648 6.77 7.97 3.3360 NA 2.0123 
 
 
Phylogenetic analysis results for C3 and C4 Subtypes using Brownian Model 
 
Table A3.10 Phylogenetic analysis results of evolutionary model fitting for Jmax/Vcmax for C3 and 
three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 3 19.08 25.62 6.63 0.0363 0.0332 
SubtypeModel 2 6 32.49 34.89 20.04 0.0000 0.0000 
SubtypeModel 3 4 21.02 29.59 8.58 0.0137 0.0126 
SubtypeModel 4 7 34.47 37.97 22.03 0.0000 0.0000 
SubtypeModel 5 5 22.40 33.40 9.95 0.0069 0.0063 
SubtypeModel 6 8 36.38 41.25 23.94 0.0000 0.0000 
SubtypeModel 7 2 19.07 36.40 6.62 0.0365 0.0334 
SubtypeModel 8 9 37.67 46.24 25.22 0.0000 0.0000 
SubtypeModel 9 1 12.44 96.44 0 1.0000 0.9150 
SubtypeModel 10 10 42.1 63.55 29.69 0.0000 0.0000 
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Table A3.11 Phylogenetic analysis results of evolutionary model fitting for Vcmax for C3 and three 
C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 4 217.85 224.39 2.64 0.2670 0.1249 
SubtypeModel 2 6 222.85 225.25 7.64 0.0219 0.0103 
SubtypeModel 3 1 215.20 223.78 0 1.0000 0.4678 
SubtypeModel 4 7 224.78 228.28 9.58 0.0083 0.0039 
SubtypeModel 5 2 217.15 228.15 1.94 0.3782 0.1769 
SubtypeModel 6 8 226.78 231.65 11.58 0.0031 0.0014 
SubtypeModel 7 3 217.46 234.79 2.25 0.3241 0.1516 
SubtypeModel 8 9 229.94 238.51 14.73 0.0006 0.0003 
SubtypeModel 9 5 219.22 303.22 4.02 0.1343 0.0628 
SubtypeModel 10 10 231.92 253.33 16.71 0.0002 0.0001 
 
 
Table A3.12 Phylogenetic analysis results of evolutionary model fitting for Jmax for C3 and three 
C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 6 309.21 315.75 3.654 0.1609 0.0566 
SubtypeModel 2 1 305.56 307.96 0 1 0.3518 
SubtypeModel 3 8 310.81 319.38 5.256 0.0722 0.0254 
SubtypeModel 4 3 307.46 310.96 1.907 0.3854 0.1356 
SubtypeModel 5 9 311.84 322.84 6.282 0.0432 0.0152 
SubtypeModel 6 5 309.21 314.08 3.651 0.1612 0.0567 
SubtypeModel 7 4 307.97 325.31 2.417 0.2986 0.1051 
SubtypeModel 8 7 310.79 319.36 5.233 0.073 0.0257 
SubtypeModel 9 2 306.52 390.52 0.963 0.618 0.2174 
SubtypeModel 10 10 312.59 334.00 7.032 0.0297 0.0105 
 
 
Table A3.13 Phylogenetic analysis results of evolutionary model fitting for total chlorophyll for 
C3 and three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 4 -37.08 -29.88 4.08 0.1301 0.0702 
SubtypeModel 2 1 -41.16 -38.55 0 1.0000 0.5397 
SubtypeModel 3 5 -35.11 -25.64 6.05 0.0486 0.0263 
SubtypeModel 4 2 -39.47 -35.66 1.68 0.4309 0.2326 
SubtypeModel 5 7 -33.33 -21.11 7.83 0.0200 0.0108 
SubtypeModel 6 3 -37.61 -32.27 3.55 0.1694 0.0914 
SubtypeModel 7 8 -30.92 -11.42 10.24 0.0060 0.0032 
SubtypeModel 8 6 -34.63 -25.15 6.53 0.0382 0.0206 
SubtypeModel 9 10 -30.18 74.82 10.98 0.0041 0.0022 
SubtypeModel 10 9 -30.72 -6.46 10.43 0.0054 0.0029 
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Table A3.14 Phylogenetic analysis results of evolutionary model fitting for ETR/J for C3 and 
three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 1 -61.06 -54.52 0 1.0000 0.3414 
SubtypeModel 2 2 -60.63 -58.23 0.433 0.8052 0.2749 
SubtypeModel 3 3 -59.29 -50.72 1.77 0.4127 0.1409 
SubtypeModel 4 4 -58.85 -55.35 2.216 0.3301 0.1127 
SubtypeModel 5 5 -57.37 -46.37 3.694 0.1577 0.0538 
SubtypeModel 6 6 -57.00 -52.13 4.063 0.1311 0.0448 
SubtypeModel 7 7 -55.41 -38.08 5.655 0.0592 0.0202 
SubtypeModel 8 8 -53.85 -45.28 7.216 0.0271 0.0093 
SubtypeModel 9 10 -48.62 35.38 12.448 0.0020 0.0007 
SubtypeModel 10 9 -49.87 -28.46 11.194 0.0037 0.0013 
 
 
Table A3.15 Phylogenetic analysis results of evolutionary model fitting for chlorophyll 
a/chlorophyll b for C3 and three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 10 12.87 20.07 7.98 0.0185 0.0067 
SubtypeModel 2 5 7.58 10.19 2.68 0.2616 0.0950 
SubtypeModel 3 8 10.65 20.12 5.75 0.0564 0.0205 
SubtypeModel 4 2 6.33 10.15 1.43 0.4885 0.1773 
SubtypeModel 5 6 9.22 21.44 4.32 0.1151 0.0418 
SubtypeModel 6 1 4.9 10.23 0 1.0000 0.3630 
SubtypeModel 7 9 11.47 30.97 6.57 0.0374 0.0136 
SubtypeModel 8 4 7.42 16.89 2.52 0.2837 0.1030 
SubtypeModel 9 7 9.41 114.41 4.51 0.1048 0.0380 
SubtypeModel 10 3 6.79 31.05 1.89 0.3888 0.1411 
 
 
Table A3.16 Phylogenetic analysis results of evolutionary model fitting for ETR for C3 and three 
C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 4 295.70 302.25 2.986 0.2246 0.0820 
SubtypeModel 2 1 292.72 295.12 0 1.0000 0.3650 
SubtypeModel 3 6 296.93 305.50 4.213 0.1217 0.0444 
SubtypeModel 4 3 294.69 298.19 1.974 0.3727 0.1360 
SubtypeModel 5 8 298.48 309.48 5.762 0.0561 0.0205 
SubtypeModel 6 5 296.67 301.54 3.951 0.1387 0.0506 
SubtypeModel 7 7 298.02 315.35 5.305 0.0705 0.0257 
SubtypeModel 8 10 298.91 307.48 6.192 0.0452 0.0165 
SubtypeModel 9 2 293.54 377.54 0.824 0.6624 0.2418 
SubtypeModel 10 9 298.79 320.20 6.077 0.0479 0.0175 
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Table A3.17 Phylogenetic analysis results of evolutionary model fitting for Vpmax for C3 and three 
C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 2 194.92 199.86 0.586 0.7462 0.3181 
SubtypeModel 2 4 197.63 199.74 3.298 0.1923 0.0820 
SubtypeModel 3 3 196.91 203.91 2.574 0.2762 0.1177 
SubtypeModel 4 5 199.59 202.92 5.251 0.0724 0.0309 
SubtypeModel 7 6 200.51 213.37 6.175 0.0456 0.0194 
SubtypeModel 8 7 203.23 210.23 8.896 0.0117 0.0050 
SubtypeModel 9 1 194.34 296.34 0 1.0000 0.4263 
SubtypeModel 10 8 207.23 229.23 12.89 0.0016 0.0007 
 
 
Table A3.18 Phylogenetic analysis results of evolutionary model fitting for Vpmax/Vcmax for C3 and 
three C4 subtypes. 
Model Rank AIC AICc diff wi AICw 
SubtypeModel 1 1 12.78 17.72 0 1.0000 0.4469 
SubtypeModel 2 4 16.91 19.01 4.129 0.1269 0.0567 
SubtypeModel 3 2 13.17 20.17 0.387 0.8240 0.3682 
SubtypeModel 4 5 18.90 22.24 6.125 0.0468 0.0209 
SubtypeModel 7 3 15.78 28.64 3.001 0.2230 0.0996 
SubtypeModel 8 6 21.28 28.28 8.504 0.0142 0.0064 
SubtypeModel 9 7 24.73 126.73 11.953 0.0025 0.0011 
SubtypeModel 10 8 28.61 50.61 15.828 0.0004 0.0002 
 
 
Phylogenetic analysis results for C3 and C4 clusters using Brownian Model 
 
Table A3.19 Phylogenetic analysis results of evolutionary model fitting for Jmax/Vcmax for C3 and 
seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 5 24.35 63.21 23.3 0.0000 0.0000 
ClusterModel 2 7 39.17 47.74 38.2 0.0000 0.0000 
ClusterModel 3 6 26.18 73.25 25.2 0.0000 0.0000 
ClusterModel 4 8 40.93 51.93 39.9 0.0000 0.0000 
ClusterModel 5 3 11.69 68.69 10.7 0.0048 0.0037 
ClusterModel 6 10 42.61 56.51 41.6 0.0000 0.0000 
ClusterModel 7 4 12.44 96.44 11.4 0.0033 0.0026 
ClusterModel 8 9 42.13 63.55 41.1 0.0000 0.0000 
ClusterModel 9 2 3.52 203.52 2.5 0.2860 0.2210 
ClusterModel 10 1 1.01 48.09 0 1.0000 0.7730 
 
 
Table A3.20 Phylogenetic analysis results of evolutionary model fitting for Vcmax for C3 and seven 
C4 clusters. 
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Model Rank AIC AICc diff wi AICw 
ClusterModel 1 5 226.02 264.88 7.846 0.0198 0.0082 
ClusterModel 2 6 226.48 235.05 8.298 0.0158 0.0065 
ClusterModel 3 1 218.18 265.25 0 1.0000 0.4119 
ClusterModel 4 7 228.10 239.10 9.922 0.0070 0.0029 
ClusterModel 5 2 218.83 275.83 0.649 0.7230 0.2978 
ClusterModel 6 8 229.26 243.16 11.085 0.0039 0.0016 
ClusterModel 7 3 219.22 303.22 1.042 0.5940 0.2446 
ClusterModel 8 9 231.92 253.33 13.737 0.0010 0.0004 
ClusterModel 9 4 223.70 423.70 5.524 0.0632 0.0260 
ClusterModel 10 10 237.17 284.24 18.99 0.0001 0.0000 
 
 
Table A3.21 Phylogenetic analysis results of evolutionary model fitting for Jmax for C3 and seven 
C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 10 318.30 357.16 11.78 0.0028 0.0016 
ClusterModel 2 5 311.09 319.66 4.57 0.1017 0.0579 
ClusterModel 3 9 315.03 362.11 8.51 0.0142 0.0081 
ClusterModel 4 6 312.34 323.34 5.82 0.0545 0.0310 
ClusterModel 5 4 310.40 367.40 3.89 0.1432 0.0815 
ClusterModel 6 8 312.78 326.67 6.26 0.0437 0.0249 
ClusterModel 7 1 306.52 390.52 0 1.0000 0.5690 
ClusterModel 8 7 312.59 334.00 6.07 0.0481 0.0274 
ClusterModel 9 3 310.10 510.10 3.58 0.1670 0.0950 
ClusterModel 10 2 309.92 357.00 3.4 0.1823 0.1037 
 
 
Table A3.22 Phylogenetic analysis results of evolutionary model fitting for total chlorophyll for 
C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 4 -30.90 14.43 3.95 0.1389 0.0649 
ClusterModel 2 1 -34.85 -25.38 0 1.0000 0.4671 
ClusterModel 3 8 -29.02 26.62 5.83 0.0542 0.0253 
ClusterModel 4 2 -33.00 -20.78 1.85 0.3971 0.1855 
ClusterModel 5 7 -29.04 39.36 5.81 0.0547 0.0255 
ClusterModel 6 3 -32.08 -16.55 2.77 0.2506 0.1170 
ClusterModel 7 6 -30.18 74.82 4.67 0.0969 0.0453 
ClusterModel 8 5 -30.72 -6.46 4.13 0.1271 0.0594 
ClusterModel 9 9 -26.23 273.77 8.62 0.0134 0.0063 
ClusterModel 10 10 -25.16 30.47 9.68 0.0079 0.0037 
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Table A3.23 Phylogenetic analysis results of evolutionary model fitting for ETR/J for C3 and 
seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 3 -53.07 -14.22 2.46 0.2926 0.1357 
ClusterModel 2 1 -55.53 -46.96 0 1.0000 0.4638 
ClusterModel 3 5 -51.10 -4.02 4.43 0.1091 0.0506 
ClusterModel 4 2 -53.70 -42.70 1.83 0.4001 0.1856 
ClusterModel 5 7 -49.23 7.77 6.31 0.0427 0.0198 
ClusterModel 6 4 -52.30 -38.40 3.23 0.1987 0.0922 
ClusterModel 7 8 -48.62 35.38 6.92 0.0315 0.0146 
ClusterModel 8 6 -49.87 -28.46 5.66 0.0590 0.0274 
ClusterModel 9 9 -47.01 152.99 8.52 0.0141 0.0065 
ClusterModel 10 10 -45.96 1.12 9.57 0.0084 0.0039 
 
 
Table A3.24 Phylogenetic analysis results of evolutionary model fitting for chlorophyll 
a/chlorophyll b for C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 10 12.45 57.78 30.1 0.0000 0.0000 
ClusterModel 2 7 8.29 17.76 25.9 0.0000 0.0000 
ClusterModel 3 8 8.52 64.16 26.2 0.0000 0.0000 
ClusterModel 4 4 5.59 17.81 23.3 0.0000 0.0000 
ClusterModel 5 6 8.12 76.52 25.8 0.0000 0.0000 
ClusterModel 6 3 4.21 19.74 21.9 0.0000 0.0000 
ClusterModel 7 9 9.41 114.41 27.1 0.0000 0.0000 
ClusterModel 8 5 6.79 31.05 24.4 0.0000 0.0000 
ClusterModel 9 2 -4.44 295.56 13.2 0.0013 0.0013 
ClusterModel 10 1 -17.66 37.97 0 1.0000 0.9990 
 
 
Table A3.25 Phylogenetic analysis results of evolutionary model fitting for ETR for C3 and seven 
C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 10 301.93 340.78 8.39 0.0151 0.0053 
ClusterModel 2 5 296.73 305.30 3.19 0.2026 0.0704 
ClusterModel 3 7 298.54 345.62 5 0.0820 0.0285 
ClusterModel 4 6 298.37 309.37 4.83 0.0892 0.0310 
ClusterModel 5 3 295.14 352.14 1.6 0.4498 0.1564 
ClusterModel 6 9 299.63 313.52 6.09 0.0476 0.0166 
ClusterModel 7 1 293.54 377.54 0 1.0000 0.3477 
ClusterModel 8 8 298.79 320.20 5.25 0.0723 0.0251 
ClusterModel 9 2 294.57 494.57 1.03 0.5979 0.2079 
ClusterModel 10 4 295.82 342.90 2.28 0.3199 0.1112 
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Table A3.26 Phylogenetic analysis results of evolutionary model fitting for Vpmax for C3 and 
seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 4 203.20 249.86 10.85 0.004399 0.003035 
ClusterModel 2 6 204.66 214.26 12.32 0.002116 0.00146 
ClusterModel 3 3 197.71 257.71 5.37 0.068364 0.047163 
ClusterModel 4 7 205 217.98 12.78 0.001676 0.001156 
ClusterModel 7 2 194 296.34 1.99 0.368957 0.254534 
ClusterModel 8 8 207 229.23 14.88 0.000586 0.000404 
ClusterModel 9 1 192 654.34 0 1 0.689874 
ClusterModel 10 5 204 263.69 11.34 0.003443 0.002375 
 
 
Table A3.27 Phylogenetic analysis results of evolutionary model fitting for Vpmax/Vcmax for C3 and 
seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
ClusterModel 1 3 22.90 69.57 6.26 0.0437 0.0276 
ClusterModel 2 4 23.75 33.35 7.11 0.0286 0.0180 
ClusterModel 3 5 24.57 84.57 7.92 0.0190 0.0120 
ClusterModel 4 7 25.52 38.38 8.88 0.0118 0.0075 
ClusterModel 7 6 24.73 126.73 8.09 0.0175 0.0111 
ClusterModel 8 8 28.61 50.61 11.96 0.0025 0.0016 
ClusterModel 9 1 16.64 478.64 0 1.0000 0.6313 
ClusterModel 10 2 18.19 78.19 1.55 0.4607 0.2909 
 
 
Phylogenetic analysis results for C3 and C4 subtypes and clusters using OU Model 
 
Table A3.28 Phylogenetic analysis results of evolutionary model fitting for Jmax/Vcmax for C3 and 
C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 26.01 27.55 0.00 1.000 0.7106 
SubtypeModel 9 3 30.00 33.50 3.99 0.136 0.0968 
ClusterModel 9 2 28.62 39.62 2.61 0.271 0.1927 
 
 
Table A3.29 Phylogenetic analysis results of evolutionary model fitting for Vcmax for C3 and C4, 
C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 224.39 225.93 0.00 1.00000 0.84177 
SubtypeModel 9 2 227.82 231.32 3.44 0.17935 0.15097 
ClusterModel 9 3 233.89 244.89 9.51 0.00862 0.00726 
 
 
Table A3.30 Phylogenetic analysis results of evolutionary model fitting for Jmax for C3 and C4, C3 
and three C4 subtypes and C3 and seven C4 clusters. 
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Model Rank AIC AICc diff wi AICw 
Model 9 1 301.39 302.93 0.00 1.0000 0.8255 
SubtypeModel 9 2 304.68 308.18 3.29 0.1930 0.1593 
ClusterModel 9 3 309.39 320.39 8.00 0.0184 0.0151 
 
 
Table A3.31 Phylogenetic analysis results of evolutionary model fitting for total chlorophyll for 
C3 and C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 -47.67 -46.00 0.00 1.0000 0.769 
SubtypeModel 9 2 -45.07 -41.25 2.60 0.2728 0.210 
ClusterModel 9 3 -40.46 -28.24 7.21 0.0272 0.021 
 
 
Table A3.32 Phylogenetic analysis results of evolutionary model fitting for ETR/J for C3 and C4, 
C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 2 -77.28 -75.75 6.72 0.0347 0.0332 
SubtypeModel 9 3 -75.12 -71.62 8.88 0.0118 0.0113 
ClusterModel 9 1 -84.00 -73.00 0.00 1.0000 0.9555 
 
 
Table A3.33 Phylogenetic analysis results of evolutionary model fitting for chlorophyll 
a/chlorophyll b for C3 and C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 3 24.03 25.70 25.4 0 0 
SubtypeModel 9 2 13.75 17.57 15.2 0.0005 0.0005 
ClusterModel 9 1 -1.42 10.81 0.0 1 0.999 
 
 
Table A3.34 Phylogenetic analysis results of evolutionary model fitting for ETR for C3 and C4, C3 
and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 9 1 292.07 293.61 0.00 1.0000 0.7975 
SubtypeModel 9 2 295.26 298.76 3.18 0.2035 0.1623 
ClusterModel 9 3 298.05 309.05 5.98 0.0504 0.0402 
 
 
Table A3.35 Phylogenetic analysis results of evolutionary model fitting for Vpmax for C3 and C4, 
C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 8 1 192.55 193.75 0.00 1.0000 0.7587 
SubtypeModel 9 2 194.97 198.30 2.42 0.2989 0.2268 
ClusterModel 9 3 200.46 213.32 7.91 0.0192 0.0146 
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Table A3.36 Phylogenetic analysis results of evolutionary model fitting for Vpmax/Vcmax for C3 and 
C4, C3 and three C4 subtypes and C3 and seven C4 clusters. 
Model Rank AIC AICc diff wi AICw 
Model 8 1 6.77 7.97 0.00 1.0000 0.7160 
SubtypeModel 9 2 8.71 12.04 1.94 0.3788 0.2713 
ClusterModel 9 3 14.83 27.69 8.06 0.0178 0.0127 
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Fig. A3.1 Modeling results of optimal Jmax/Vcmax for C3 (black lines) and C4 (grey lines) under 
different environmental conditions. C3 and C4 parameters shared similar parameters except for the 
carbon concentration mechanism and different hydraulic conductance to mimic the initial origin 
of C4 (see Table A1.2). 
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Fig. A3.2 Modeling results of optimal Vpmax/Vcmax for C4 under different environmental 
conditions.  (a) Black line: different CO2; grey line: different water limitation conditions (1: 
saturated water; 2: ψS=-0.5, VPD=0.625; 3: ψS=-1, VPD=1.25; 4: ψS=-1.5, VPD=1.875; 5: ψS=-2, 
VPD=2.5). (b) Black line: different light intensities; grey line: different temperature. 
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Fig. S3 (a) Sensitivity analysis of total nitrogen on optimal Jmax/Vcmax for C3 and Vpmax/Vcmax C4. 
Black dots: Jmax/Vcmax for C3; open dots: Jmax/Vcmax for C4; grey dots: Vpmax/Vcmax C4. The initial 
condition of nitrogen is 129 mmol N m-2 with a gradient of 100% to 50% with 10% interval. (b) 
Sensitivity analysis of PEPC stoichiometry (the 1/(6.72×Vpr ×	H term in eq. (5)) on optimal 
Jmax/Vcmax and Vpmax/Vcmax for C4. The gradient of the change is 50%, 75%, 100%, 200%, 400% 
and 800%. 
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Chapter 4 
Appendix A4.1 The description of C4 model used in the estimation methods 
The key processes and equations used for our estimation method are from von Caemmerer 
(2000), Hatch and Burnell (1990), Boyd et al. (2015) and Ubierna et al. (2017) shown below. 
Diffusion processes  
The CO2 concentrating mechanism of C4 pathway increases CO2 in the bundle sheath cells to 
eliminate photorespiration. Like the C3 pathway, the diffusion of CO2 starts from the ambient 
atmosphere through stomata into intercellular spaces, and then into the mesophyll cells. In the 
mesophyll cells, the first step is the hydration of CO2 into HCO3- by carbonic anhydrase. PEPC, 
then, catalyze HCO3- and PEP into C4 acids, and the C4 acids are transported to the bundle sheath 
cells. In the bundle sheath cell, C4 acids are decarboxylated to create a high CO2 environment for 
the C3 photosynthetic cycle, and PEP is regenerated. The A/Ci curves yield the intercellular CO2 
concentration (Ci). Thus, in the model, we need to further consider the CO2 concentration in 
mesophyll cells (Cm) and the CO2 concentration in bundle sheath cells (Cbs). Cm is determined by 
four processes as follows: the diffusion of CO2 from the intercellular space (Ci) to mesophyll 
through mesophyll cell membrane, the fixation of CO2/HCO3- by carbonic anhydrase and PEP 
reaction (Vp, which is the C4 cycle), bundle sheath leakage from bundle sheath cells back to 
mesophyll (gbs (Cbs − Cm)) and mitochondrial respiration rate at daytime in mesophyll cells (Rdm). 
Cbs is determined by PEP reaction (Vp), bundle sheath leakage gross assimilation and daytime 
mitochondrial respiration rate in bundle sheath cells (Rdbs).In the steady state, 
!) = |x − |: ê:,                                                                                                                      (1) 
hå = håëè + hå:,                                                                                                                         (2)                                                                                                                                                      
!) = @J − êëè |ëè − |: − hå:,                                                                                                (3) 
where gm refers to the mesophyll conductance and gbs refers to the bundle sheath conductance for 
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CO2. The total daytime respiration (Rd) is the sum of Rdm and Rdbs.   
Next, we consider the O2 in the bundle sheath cells (Obs).  
 íëè =
ìîï
L.LRñ.óò
+ í:,                                                                                                                    (4)  
êëè# = êëè
ôö]3ö]
ôõö]3õö]
 ,                                                                                                                     (5) 
where Ag refers to the gross assimilation rate and equals to (An + Rd), gbso is the bundle sheath 
conductance for O2, Om is the O2 concentration at mesophyll cell and α (0 < α <1) denotes the 
fraction of O2 evolution occurring in the bundle sheath. We used α=0.15 for our estimation 
method (von Caemmerer 2000). DO2 and DCO2 are the diffusivities for O2 and CO2 in water and 
SO2  and SCO2 are the Henry constants, which gives  
êëè# = 0.047êëè.                                                                                                                          (6) 
Here we assume Om = Oa, which is the ambient O2 concentration, as is done in other studies (von 
Caemmerer 2000; Yin et al. 2011b).  
C4 cycle  
In the C4 cycle, PEPC reaction is limited either by PEPC carboxylation rate (Vpc) or PEP 
regeneration (Vpr).  Vpc can be further limited by carbonic anhydrase activity. Thus, we calculate 
Vpc in two ways ( Boyd et al. 2015; Ubierna et al. 2017):  
@JA =
VúNOPùN
ùN^ûú
,                                                                                                                              (7) 
@JA =
VúNOP[üù4†°]
üù4†° ^ûú
 ,                                                                                                                       (8) 
where Vpmax is the maximum PEP carboxylation rate and Kp is the Michaelis-Menten coefficient 
for HCO3- in eq. (8) and an equivalent value for CO2 based on unit change for eq. (7). The 
calculation of [HCO3-] is based on CO2 hydration processes from Ubierna et al. (2017) (Eqn. 3-6 
from the original paper, not shown here) using the rate constant for carbonic anhydrase hydration 
activity (kCA), uncatalyzed rate constant for the reverse hydration reaction (kf), uncatalyzed rate 
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constant for the reverse hydration reaction (kr) and Henry constant for CO2 (KH). Eq. (7) refers to 
the common assumption that carbonic anhydrase reaction does not limit PEP carboxylation, 
which is used for Excel-A4.1; however, Eq. (8) takes carbonic anhydrase limitation into 
consideration and, together with original CO2 hydration equations, are used in Excel-A4.2.  Vpr 
represents an upper bound for the PEPC reaction, which is constrained by electron transport and 
is discussed below. Vp is assumed to be as follows:  
@J = min @JA, @J- .                                                                                                                       (9) 
FvCB model for the C3 cycle  
Finally, An is determined by the C3 cycle of the C4 photosynthesis pathway; thus it can be 
modeled by a modified FvCB model of C3 photosynthesis (Farquhar et al. 1980; von Caemmerer 
2000). In this model, An is given by one of two equations, each corresponding to limitation by a 
different reaction. The first is the RuBP, in another word Rubisco, carboxylation limited state 
(Ac), when there’s a saturating supply of the substrate, RuBP, for Rubisco. The second is the 
RuBP regeneration limited state (Aj), which normally indicates the electron transport limitation in 
the light reaction of photosynthesis.  
The assimilation rate under RuBP carboxylation rate, Ac, of C4 species can be modeled as  
!A =
VWNOP(ùóò_¢∗4óò)
ùóò^ûW(K^4óò û§)
− hå,                                                                                                       (10)                                        
é∗ = V§NOPûWVWNOPû§,                                                                                                                               (11) 
where Vomax is the maximum oxygenation rate allowed by Rubisco. The parameter γ* represents 
the specificity of Rubisco and is considered as a constant given temperature among C4 species.  
When modeling the RuBP regeneration limited assimilation rate, Aj, we need to take into account 
the cost of C4 photosynthesis pathway into consideration. The cost of C4 photosynthesis stems 
from the 2 additional ATP/ CO2 in PEP regeneration. The ATP cost comes out of the electron 
transport of the light reactions (Hatch 1987). This cost will be reflected in the Aj and Vpr. Vpr in eq. 
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(9) is defined as proportional to the electron transport rate (J),  
@J- = •9/2,                                                                                                                                  (12) 
where x is the fraction of total electron transport that is used for producing ATP for the PEP 
regeneration. The factor 1/2 accounts for the additional ATP cost of C4 photosynthesis.  
Finally, we need to specify how ATP, or more generally electron transport, is allocated between 
PEP and RuBP regeneration. Two different equations based on two assumptions about electron 
transport has been used in the literature to describe the RuBP regeneration process in C4 plants. In 
the first equation (von Caemmerer 2000), a constant proportion of electron transport is distributed 
for PEP regeneration; thus, Aj is given as follows:  
!Ñ =
K_; M(ùóò_¢∗4óò)
Rùóò^¶¢∗4óò
− hå,                                                                                                        (13) 
where the factor (1-x) in the first term represents the cost of CCM in C4 compared to the C3 
pathway. This equation assumes that no matter how much electron transport is used for PEP 
regeneration, xJ is confined for this use, thus, only (1-x) is left for RuBP regeneration (Excel-
A4.1, A4.2).  
In the second equation (Vico and Porporato 2008; Osborne and Sack 2012), electron transport can 
be freely distributed between PEP regeneration and RuBP regeneration. 2Vpr =xJ denotes the 
maximal fraction of electron transport that could be used for PEP regeneration instead of being 
confined solely for PEP regeneration as in the first model (Excel-A4.3). Aj is given by  
!Ñ =
(M_QVú)(ùóò_¢∗4óò)
Rùóò^¶¢∗4óò
− hå,                                                                                                      (14) 
where we deducted 2Vp to account for the cost of CCM in the RuBP regeneration equation.  
In the two models, we assumed Rdm = Rdbs, thus,  
hå: = håëè = 1/2hå.                                                               (15) 
Temperature dependence of parameters or adjusting for temperature  
In the models, Kc, Ko, Vcmax, Vcmax, J, Vpmax, Kp, γ* and gm are temperature dependent. The 
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temperature dependence equations for Kc, Ko, γ*, Kp, kr, kf, KH, Vcmax, Rd and kCA follows the 
Arrhenius function:  
R = R 25 ã1O
®©°]™´.¨≠
]™´.¨≠Æ®© ,                                                                                                              (16) 
where R(25) is the value of parameter at 25 oC, ΔHa represents enthalpies of activation in kJ mol
-1, 
R is the molar gas constant of 0.008314 kJ k-1mol-1, Tk is the leaf temperature in K. The 
temperature dependence equation for gbs, gm, J and Vpmax follow the modified Arrhenius function:  
R = R 25 ã1O
®©°]™´.¨≠
]™´.¨≠Æ®©× K^Ø
]™´.¨≠×∆∞°±≤
]™´.¨≠Æ
K^Ø
®©×∆∞°±≤
®©Æ
 ,                                                                                    (17) 
Where ΔHd is a term of deactivation in kJ mol
-1 and ΔS is a term of entropy in kJ mol-1 k-1.  
A/Ci curves can be measured at different temperature with the temperature remain constant during 
the measurements. The temperature dependence parameters are given (Table A4.1), based on 
which all the input parameters will be adjusted to the leaf temperatures at which A/Ci curves are 
measured. Then, using the temperature adjusted input parameters, the estimation method will first 
fit the output parameters at the leaf temperature and, further, calculate the output parameters at 
standard temperature (25 oC) based on the temperature response parameters of output parameters 
(Table A4.1). Since there are fewer studies that measure the temperature response parameters for 
C4, we summarized the studies and used the average (Excel-A4.5). However, temperature 
adjustments should be approached with caution because of the uncertainty of temperature 
response parameters.  Parameters in Table A4.1 could be replaced with further measurements for 
C4. 
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Appendix A4.2 Instruction for use and set the solver macro 
Instructions for use 
1. Enter "A" and "Ci (ppm*)" data in white cells. Other columns will be calculated automatically. 
2. Enter leaf temperature (T leaf), atmospheric pressure(Patm) and O2. 
3. Enter or keep the alpha and x values. 
4. Define the lower bound (CaL) and higher bound (CaH) to estimate limiting factors, "Estimate 
Limiting" will be determined automatically based on CaL and CaH (1= RcPc (RuBP and PEP 
carboxylation), 4= RrPr (RuBP and PEP regneration), 0 = undefined).  If you don't have extra 
information, as a first approximation, assign CaL as 10 Pa and CaH as 65 Pa. Then, you can 
adjust them according to the results. Users can input "-1" to disregard a data pair in the column of 
"Estimate Limitation." 
5. Give reasonable initial values in the output parts (the white spots in the output part; gm as 0.1 
times A at 25 Pa and Rd as 1) if needed. 
 
 
 
6. Our estimation tools in Excel require the Solver Add-in which could be loaded by clicking 
Tools: Add-In and checking the Solver Add-In. Then, after you input all your data, you need to 
come to Data and click solver to get the results.  
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7. Check “inadmissible fits” by comparing the column “Estimate Limiting” and the column 
“limitation state”. If they are not consistent with each other about the “1” and “4” assignments, 
try to change CaL and CaH until getting consistent results. 
 
 
 
 
8. For Sharkey’s method, the simulation error is not the true estimation error. The true estimation 
error is calculated in a column beside the simulation error. In Yin’s method, the simulation error 
is the true estimation error. In order to compare the two methods, users need to compare the true 
estimation error of the two methods. 
  
Advanced use tips 
If you have independent information about mesophyll conductance (gm) or day respiration (Rd), 
enter the value in the output region, then invoke Solver from the Data menu and adjust it so that 
the values you entered are not changed during fitting of the model. The set-up for solver is as 
follows (if your solver is empty, you need to input the data as follows): 
This is the true estimation error 
for Sharkey’s method 
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(1) The original set-up of solver to estimate five parameters 
 
 
(2) The set-up of solver with given Rd to estimate the other four parameters 
 
 
 
(3) The set-up of solver with estimated gbs to estimate the six parameters 
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Note: 
(1) Make sure your Excel calculate formula automatically as follows: 
 
 
 
(2) if your solver is empty, you need to input the data as above: 
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Table A4.1 Temperature dependence of photosynthesis parameters.  
 25°C ΔHa  ΔHd ΔS 
Input parameters adjustment  
Kc(Pa) 75.06abcdfijkm 36.5aik   
Ko(kPa) 35.82abcmdf 12.8an   
γ* 0.000244 abdfijkm  24.82aikn   
Kp for CO2(Pa) 8.55abcn 52.2an   
gbs(µmol m-2 s-1Pa-1) 0.02946bcln 116.77n 264.6n 0.86n 
Input parameters adjustment (for carbonic anhydrase reaction) 
Kp for HCO3-(µM) 33.54 abcn 27.20a   
kr (mol) 0.003330e 65.2704h   
kf (mol) 0.038986e 74.8936h   
KH(Pa µM-1) 2.9799u    
Output parameters adjustment     
Vcmax (µmol m-2 s-1)  51.89akn   
J (µmol m-2 s-1)  69.25cg 188.502 cg 0.609 cg 
Vpmax (µmol m-2 s-1)  65.69acgn 147.694 acgn 0.47 acgn 
Rd (µmol m-2 s-1)  41.85n   
gm(µmol m-2 s-1Pa-1)  46.533m 366.8m 1.2m 
Output parameters adjustment(for carbonic anhydrase reaction) 
kCA (µmol m-2 s-1Pa-1)  40.9a 64.5 a 0.21 a 
ΔHa (enthalpies of activation, kJ mol-1), ΔHd (enthalpies of deactivation, kJ mol-1), ΔS (entropy in 
kJ mol-1 k-1) are parameters for the temperature response of photosynthesis parameters. Kc, 
Michaelis-Menten constant of Rubisco activity for CO2; Ko, Michaelis-Menten constant of 
Rubisco activity for O2; γ*, specificity of Rubisco; Kp, Michaelis-Menten constant of PEPC 
activity for CO2 and HCO3-, Kp for HCO3- was transferred from average Kp for CO2 as Boyd et 
al. (2015); Vcmax, maximal velocity of carboxylation for Rubisco; J, rate of electron transport; 
Vcmax, maximal velocity of carboxylation for PEPC; Rd, mitochondrial respiration rate in the 
daytime; gm, mesophyll conductance; kf, uncatalyzed rate constant for the reverse hydration 
reaction; kr, uncatalyzed rate constant for the reverse hydration reaction; kCA, Michaelis-Menten 
constant of carbonic anhydrase for CO2; KH, Henry constant for CO2, change with temperature 
KH=2.9799exp(-2400(1/Tk-1/298.15)). 
aBoyd et al. (2015), bvon Caemmerer (2000), cChen et al. (1994), dCousins et al. (2010), eJenkins 
et al. (1989), fKubien et al. (2008), gMassad et al. (2007), hSanyal & Maren (1981), iPerdomo et 
al. (2015) jSharwood et al. (2016a), kSharwood et al. (2016b), lUbierna et al (2013), mUbierna et 
al. (2017), nYin et al. (2016), uWiki. The multiple characters indicate the values are averages. 
Detailed values are shown in Excel-A4.5 VI. 
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Fig. A4.1 An example of unbalanced results by using only three points under CaL in estimation 
method. The figure shows the estimated results (RcPc, RcPr, RrPc, and RrPr) and observed A 
(Aobs) under different Ci concentrations. The data are from T. dactyloides under the light 
intensity of 1500 µmol m-2 s-1. The estimated A is the minimum of RcPc, RcPr, RrPc, and RrPr. 
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Fig. A4.2 Quantum yield calculated from fluorescence measurements for two species. Dots 
represent P. amarum and diamonds represent T. flavus. Black dots/diamonds: PEP carboxylation 
and RuBP carboxylation limitation assimilation; grey dots/diamonds: co-limited states; open 
dots/diamonds: PEP regeneration and RuBP regeneration limitation assimilation 
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Excel-A4.1. Deriving C4 photosynthesis parameters by fitting A/Ci curves for model without 
carbonic anhydrase reaction using Sharkey’s fitting procedure (see Supplementary Material of 
Zhou et al., 2019). 
Excel-A4.2. Deriving C4 photosynthesis parameters by fitting A/Ci curves for model without 
carbonic anhydrase reaction using Yin’s fitting procedure (see Supplementary Material of Zhou et 
al., 2019).  
Excel-A4.3. Deriving C4 photosynthesis parameters by fitting A/Ci curves for model with 
carbonic anhydrase reaction using Sharkey’s fitting procedure (see Supplementary Material of 
Zhou et al., 2019).  
Excel-A4.4. Estimation results for two estimation methods of with/without carbonic anhydrase 
reaction for nine species (using Excel-A4.1, A4.3) (see Supplementary Material of Zhou et al., 
2019).  
Excel-A4.5. Resources and data for Temperature dependence of input and output parameters (see 
Supplementary Material of Zhou et al., 2019). 
C4Estimation 0.1.tar.gz is the R package which contains estimation methods for model with and 
without carbonic anhydrase reaction using Sharkey and Yin’s fitting procedures (same with 
Excel-A4.1-A4.3) and three additional methods in which researchers can provide new 
temperature response parameters further (see Supplementary Material of Zhou et al., 2019). 
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